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THE RADIOLYSIS OF KBr SOLUTIONS BY 600 Mev PROTONS 


S. A. Brusentseva and P. I. Dolin 


(Presented by Academician A. N. Frumkin, November 20, 1959) 
Translated from Doklady Akademii Nauk SSSR, Vol. 131, No. 1, pp. 117-119, 
March, 1960 

Original article submitted November 10, 1959 


Several papers have appeared in recent years in which the radiolysis of aqueous solutions by protons 
deuterons, and y -particles of various energies was discussed [1-4]. It was proved that with increasing density 

of the ionization produced by the particle, or with increasing energy loss per unit path length -dE/dX, the yield 
of molecular water radiolysis products increased while that of free radical products decreased. 


It seemed worth while to study heavy radiation of such a large energy that the value of -dE/dX would 
approach the value characterizing light radiation. In such cases head-on collisions between the particles and 
the nuclei may produce effects distinguishing light from heavy irradiation. Direct collisions between fast elec- 
trons and the nuclei cannot produce any additional effects. In the case of high-energy protons (hundreds of 
Mev), direct collisions will result in the formation of multiply charged ions. These ions are produced when the 
nuclei knocked out of the molecules carry along the remainder of their electron cloud. Such multiply charged 
ions possess a high enough energy to induce ionization and excite the molecules in their path. Having a large 
charge and a relatively low velocity, the ions will produce a very high ionization density and thus influence the 
radiochemical processes. If the heavy particles do not have a very high energy, such an effect is not possible. 


In this work protons accelerated to 600 Mev were used, and therefore effects due to head-on collisions were 
to be expected. In their value of -dE/dX they were equivalent to 1 Mev electrons. The radiochemical processes 
induced by 1 Mev electrons are known to be identical with those induced by y -radiation from Co™. We. there- 


fore compared in our work the effects of 660 Mev protons on aqueous solutions with the effects induced by y -radia- 
tion from Co™, 


The principal difficulty encountered in dealing with protons of such energies involves the determination of 
the energy absorbed by the solution. In order to determine this energy, we measured the flux of a full proton 
beam incident on a 1cm’ area. It is known that in water 660 Mev —_— lose 2.1 Mev per 1 cm of their path 
length [5]. From this one can compute the dosage absorbed per 1 cm’ of solution if the total flux is known. Two 
methods were used for the determination of the proton flux. One method involved placing a graphite plate of 
known dimensions in the path of the proton beam. The protons produce radioactive carbon C"’, which has a 

20 min half-life. By measuring the activity of the graphite after irradiation with the help of a box counter, 


» 
one can compute the total proton flux from the following equation J — ne'* where n is the 


number of particles recorded on the counter per unit time, X the decay constant of C", r the interval between 
the end of irradiation and the beginningof counting, o the reaction cross-section equal to 34 m barns, n the ef- 
ficiency of positron recording, t the irradiation time, N, the number of carbon nuclei in a layer in which there 


is no self-absorption and which emits the same number of B -particles as would a layer of infinite thickness. 
For the plates used by us, Ny = 96 x 10”! atoms. 
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Fig. 1. The concentration of Fe*** as a Fig. 2. The yield of hydrogen as a function 
function of dosage. of log [KBr]: a) 660 Mev protons; b) y -rays 
from Co™, 


In the second method the proton flux was measured in an ionization chamber which was calibrated with 
a Faraday cylinder. The results obtained by different methods differed by 25-30%. Graphite plates were used 
for dosimetry, and the ionization chamber was used to verify the accuracy of the results. We used in our inves- 
tigation FeSO, dosimetric solutions, air-free KBr solutions, and pure water. In FeSQ, solutions the G (Fe***) was 
determined. The Fe’** concentration was determined spectrophotometrically at the 304 my wave-length. The 
results obtained are presented in Fig. 1. The straight line represents the accumulation of trivalent iron with 
increasing dosage if we assume that the G(Fe***) for proton irradiation is the same as that for Co™ y -radiation, 
namely 15.6. The circles represent experimental results, with the dosage determined from the activity of graphite 
plates. Fig. 1 shows that, within the range of experimental errors, both y -rays and 660 Mev protons give the 
same G(Fe+*++), The average value of G(Fe***) in these experiments was 16.9. The slightincrease in the 
G(Fe***), as compared to the value given for y -radiation from Co® can probably be attributed to the fact that 
the proton beam was inhomogeneous with a slightly higher intensity in the center. The FeSQ, solutions were 
irradiated in glass bulbs of a diameter smaller than the graphite plate dimensions. Therefore, the mean proton 
flux on 1 cm’ of the graphite plates used for dosage determination was lower than the actual flux on the bulb. 

We also investigated the hydrogen evolution from air-free KBr solutions. The amount was determined by burn- 
ing the hydrogen over a platinum wire at 180-200°C in an analytical vacuum apparatus. The results are pres- 
ented in Fig. 2. The curve plotted in this figure represents the yield of hydrogen as a function of log [KBr]. As 
the KBr concentration is increased to 107° M, G(H,) increases, then remains constant in the 10-3-107? M con- 
centration range, and again begins to increase with increasing KBr concentration. y -Radiation from Co® gave 

a similar function of G(H,) versus log [KBr] [6]. The slightly higher yields in the case of y -radiation may be 
attributed to the different irradiation conditions. In the experiments with y -radiation, the method of semiper- 
meable cells was used so that a portion of the hydrogen evolved in the solution was transferred into the gas phase, 
whereas in the case of proton irradiation all the hydrogen remained in solution. In order to verify the correct- 
ness of this assumption, we carried out some experiments with y -rays using the previously described method. 

The resulting values of G(H,) coincided with the results obtained using 660 Mev protons (Fig. 2b). 


Thus, by studying the radiolysis of aqueous FeSO, and KBr solutions, we showed that radiochemical proc- 
esses depend exclusively on the energy loss per unit path length, -dE/dX. 


However, the yield of hydrogen from pure air-free water was found to be quite different when protons 
were used instead of y-radiation. The water used in these experiments was purified as follows. Twice-distilled 
water was irradiated by y -rays from Cog in order to destroy all organic impurities and then with ultraviolet light 
to destroy the H,O, formed by y-radiation. After that the water was redistilled in a quartz apparatus. The water 
thus purified had an electrical conductance of 0.7-0.6 x 10™§ ohm~' cm™!. The yield of hydrogen from the water 
exposed to y -radiation was 0,07 molecules per 100 ev. The H, concentration was 5-6: 10~* moles/cm*, But 
G(H,) became 0.15-0.19 when 660 Mev protons were used. The difference between the two hydrogen yields 
can be explained in two ways. The difference may quite possibly be due to the effects of head-on collisions. 
The resulting multiply charged ions would produce the processes characterizing heavy radiation, which would 
make the hydrogen yield much higher than in the case of y -radiation. However, the small difference may also 
be the result of trace impurities, to which the yield of hydrogen is very sensitive. One may therefore assume that 
660 Mev protons and y -rays from Co® produce identical radiochemical effects. 
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CRITICAL CONCENTRATION REGIONS 
IN SOLUTIONS OF SOAPS 


P. A. Demchenko and Corresponding Member of the Academy 
of Sciences of USSR A. V. Dumanskii 


(Paper presented to the Colloid Chemistry Section of the 8th Mendeleev Congress 
in Moscow, March 23, 1959) 

Translated from Doklady Akademii Nauk SSSR, Vol. 131, No. 1, pp. 120-121, 
March, 1960 

Original article submitted November 2, 1959 


With an increase in the concentration of solutions of detergent materials, within a narrow concentration 
range known as the critical concentration of micelle formation (CCM) which is characteristic for each substance, 
the true solution goes over abruptly into a colloidal one, which is accompanied by changes in the bulk properties 
of the solutions of the detergent materials [1-3]. In addition to the critical micelle concentration, in solutions 
of different soaps, when the concentration is increased to 60-90 grams per liter, a second critical region is ob- 
served [2, 1]. Not long ago the view was expressed that there are also to be observed in soap solutions other 
concentration limits for association [4]. No systematic investigation in this region has yet been carried out. 

The study of the limits of concentration for association in solutions of surface-active materials is of considerable 
scientific and practical interest for the broadening of our ideas about the structure and colloid chemical proper- 
ties of solutions of associated colloids. Very recently the critical micelle concentration has been employed as 
a characteristic of the hydrophilic-oleophilic balance of detergent materials and for the determination of their 
practical effectiveness [5]. 


In the present work we present the results of a study of the concentration limits of association in solutions 
of sodium laurate and potassium laurate by a method involving the determination of solubilization. The ‘spec- 
imens for the investigation were prepared from pure lauric acid and purified caustic alkalis by a method which 
has been described earlier [6, 7]. For the entire series of experiments, solutions of the required concentration 
were prepared from dry, powdered sodium laurate and potassium laurate by heating until a homogeneous solution 
of the soap was obtained. The limiting quantity of the solubilized hydrocarbon in the soap solution was deter- 
mined by the reduction in volume in the graduated tube of the apparatus described in [8]. The study of the ef- 
fect of increase in soap concentration on the solubilizing effect has shown that the dissolution of the toluene in 
the soap solution becomes appreciable only when the concentration of the sodium laurate or the potassium laurate 
reaches the value C, (Fig. 1), or approximately 0.026 moles per liter. Lower concentrations of the solutions of 
the soaps used possess practically no powers of solubilization. Upon increasing the concentration of the solutions 
of sodium laurate and potassium laurate beyond the value C;, the solubilization of the toluene increases irregular- 
ly, changing in the neighborhood, of the limiting concentrations C,, C3, and Cy, having, respectively the approx- 
imate values 0.28, 0.60 and 0.90 moles per liter (Fig. 2). Within the critical concentration regions for the 
solubilization of toluene in the solutions of soap which have been examined, the change is practically linear 
and may be characterized by the angles of slope of the experimental curves (expressed as tangents). For the 
sections C,;C,, C,C, and CyC, the tangent of the angle of slope for sodium laurate is, respectively, 0.47, 0.81, 
and 1.11, and for potassium laurate 0.42, 0.43, and 1.00 (Fig. 2). It is interesting to note that the first critical 


* This is obviously an error. From the figure it appears that the value might be 0.73—Translator. 
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Fig. 1. The solubilization of toluene in dilute solutions 
of sodium laurate (1) and potassium laurate (2). 


region C, has approximately the same value as the 
critical concentration for micelle formation in solutions 
: of sodium and potassium laurates, as determined by other, 
i independent methods [3, 5]. Consequently, the critical 
jf concentration for micelle formation of detergent sub- 
stances may be ¢ termined with sufficient accuracy by 
the solubilization method. 


grams per liter 


In the concentration interval between the critical 
concentration for micelle formation and the second 
critical region, the solubilizing powers of solutions of 
sodium laurate and potassium laurate are practically 
identical. With further increase in the concentration 
of the soaps beyond C, in the solution, the solubilizing 
power of the solutions of sodium laurate increases more 


Stabilization of toluene 
& 


li 


7 06 7, {0moles per rapidly than that for solutions of potassium laurate; that 


acces of soap liter is, it is greater for sodium laurate than for potassium 
laurate of the same concentration. The critical cgn- 

Fig. 2. Critical concentration regions in solutions centration regions for potassium and sodium laurates 

of sodium laurate (1) and potassium laurate (2). are nearly identical and are represented by similar breaks 

in the curves (Fig. 2). In concentrated solutions of the 

soaps, there apparently exist other critical concentration regions as well, in which, on account of the stepwise 

nature of the association, the building up of the internal structure of the solution occurs discontinuously. By 

this means more oleophilic micelles are formed, capable of binding larger quantities of the hydrocarbon than 

can the micelle structure of the less concentrated solutions of the detergent material. 


The phenomenon of solubilization may be used for the quantitative evaluation of the practical value of 
the solutions of detergent substances [5, 6], their oleophilic character and micelle structure, the critical con- 
centrations for micelle formation, and other critical concentration regions. 
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THe MACROSCOPIC STAGES IN THE INITIATORY REACTION 
FOR THE BROMINATION OF PHENETOLE 
BY N,N-DIBROMO-5,5*-DIMETHYLHYDANTOIN IN DICHLORET HANE 


K. A. Kornev and G. A. Yangol' 


Institute of Polymer and Monomer Chemistry, Academy of Sciences of the Ukrainian SSR 
(Presented by Academician V. N. Kondrat'ev, September 4, 1959) 

Translated from Doklady Akademii Nauk SSSR, Vol. 131, No. 1, pp. 122-124, 

March, 1960 

Original article submitted June 29, 1959 


N. M. Emanuél' [1] has directed attention to the great frequency with which the phenomenon of macroscopic 
initiation occurs in chain reactions. The real chain process, especially in complex chemical systems, does not 
reveal itself as a simple realization of this or that successive elementary stage from the commencement of the 
reaction to the complete using up of a substance, but rather in the form of complex reactions with distinct changes 
in mechanism as it proceeds. In its most significant form, this change in the mechanism of the course of a chain 
reaction has been observed in oxidation reactions, But we have succeeded in demonstrating the existence of 
macroscopic stages also in such chain reactions as the bromination of phenetole, initiated by diazoaminobenzene 
(DAAB), where the brominating agent used is N,N-dibromo-5,5'-dimethylhydantoin (DBDMH). 


In earlier publications [2, 3] we have shown that the process of chlorinating phenetole in the presence of 
DAAB develops by means of a chain mechanism with the participation of free radicals; moreover, in the chlorin- 
ation reaction, only one atom of chlorine takes part, forming, apparently, monochloramin-N-chlorobenzenesul- 
fonamide. The clear distinction in the nature of the process of chlorinating phenetole, which we have observed 
while using N,N-dichlorobenzenesulfonamide and N-chlorobenzenesulfonamide, has been explained by us from 
the point of view of their chlorinating activity. When, instead of N,N-dichlorobenzenesulfonamide, N,N-dibromo- 
5,5"-dimethylhydantoin is used for this reaction, it has been shown that, in spite of the insignificant difference in 
the activity of the bromine atoms (as they appear in position 1 and position 3), there is, in this case, too, observed 
a clear demonstration of the nature of the utilization of the one and the other bromine atoms. Fig. 1 shows 
the kinetic curves for the using up of the halogenating agent for the initiation by DAAB of the bromination reaction 
of phenetole by means of N,N-dibromo-5,5'-dimethylhydantoin, according to the scheme: 


CH,);C — NB (CH), C — NH 

O=C—NBr O=C—NBr 

(CHs),C — NH, NH 


Oo=C— O=C—NH 


As we can see, the kinetic curves for the consumption of the halogenating agent present clear evidence of a two- 
stage process. Having commenced with the relatively rapid stage in the bromination of phenetole, after the using 
up of one of the bromine atoms, this is replaced by the slower stage of the reaction, corresponding to the forma - 

tion in the bromination process of monobromamino-N-brom-5,5'-dimethylhydantoin (BDMB). 


= 

: 


10 90 50 70 90 10 130 150 §=170 190 210 min 
0 20 40 60 80 100 120 d40 = 60 min 


Bromination of phenetole by DBDMH and BDMH in dichlorethane. a) Phenetole 0.04 
mole, DBDMH 0.02 mole, DAAB 0.0003 mole, hydroquinone 0.0004 mole. b) phenetole 
0.04 mole, BDMH 0.04 mole, DAAB 0.0003 mole, hydroquinone 0,0004 mole. 


The formation of the monobromamine (BDMH) and the nature of its brominating influence with respect to 
phenetole has been demonstrated by us in separate kinetic experiments with a definitely known preparation of 
BDMH, obtained by the direct bromination of dimethylhydantoin under the conditions described in the literature 
[4]. 


Kinetic experiments with BDMH have been carried out under just the same conditions as for DBDMH itself, 
and it has been clearly established that, when BDMH is used as the halogenating agent, twice the quantity of this 
is introduced, compared with the portion of bromine from DBDMH in experiments with this. 


In addition to this, phenetole to the extent of 0.04 moles was introduced into an experiment in double por- 
tions: the second portion of phenetole to the extent of 0.02 moles was added after the using up of one bromine 
atom. 


Under the conditions of these experiments, it was possible to reproduce completely the state of the reaction 
mixture in terms of its composition, and also in the experiments with DBDMH. As in the case of the latter, so 
also in the experiments with BDMH, at the point of the reaction of the second bromine atom in the reaction mix- 
ture there were present; the substance being halogenated, or phenetole; the product of bromination-bromophenetole; 
the halogenating agent - BDMH; the inductor and the antioxidant. The results of the kinetic experiments under 
discussion are shown in Fig. 1 (the kinetic curve is signified by the open circles). It is easy to satisfy oneself that 


this is completely in harmony with the kinetic curves corresponding to the monobromamine, obtained in the experi- 
ments with DBDMH. 


Thus, the brominating effect of DBDMH in its reaction with phenetole proceeds through two clearly distin- 
guished macrostages. During the bromination reaction, the substance BDMH is obtained, which enters into the 
reaction with phenetole only after the point of complete consumption of the first bromine atom of DBDMH. The 
consumption of both the first and the second bromine atom of DBDMH can be expressed by the unimolecular law: 


— AX = (AX)o + 


where AX is the quantity of halogenating agent used up at the time instant t, and AX¢, is the same at the end of 
the reaction for each atom of bromine. The difference (AX)g)-AX represents the actual quantity of the halogenat- 
ing agent at each instant of time. 
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The semilogarithmic transformation of the kinetic curves of DBDMH and BDMH produces straight lines. 
It is possible to calculate from these the rate constants of the reactions. The are 6 x 10~* min~', and 1.6 x 107? 
min~', respectively. 


This phenomenon may be explained on the basis of the following assumptions. Evidently DBDMH and 
BDMH take part in the reaction under the influence of the inductor and are transformed according to the scheme: 


DBDMH = Br’ + BDMH" 
BDMH = Bry + DMH’ 
ky = (r-) (BDMH’)/(DBDMH) > k, = (Br’) (DMH")/(BDMH) 


We will postulate that k, is much greater than ky. Hence, the concentration of bromine atoms will depend 
on the concentration of DBDMH, and the dissociation of BDMH will be suppressed. It therefore follows that the 
dissociation of BDMH into atomic bromine and a radical will be minimal so long as there is present in the solution 
the substance DBDMH in sufficient quantity to hold the concentration of DMH’ at so low a value that this radical 
will not take part in the development of the chain reaction of bromination. This assumption is confirmed by ex- 
periments in which DMH is added to the reaction mixture. In the case of bromination reaction by means of 
DBDMH, addition of DMH diminishes the velocity of the bromination reaction, which is presumably to be ex- 
plained by the reaction of the DMH with the DBDMH to form BDMH. After the consumption of all the DBDMH, 
the influence of DMH disappears, and the DMH, as the experiments have shown, exerts no influence on the course 
of the bromination reaction using BDMH. 


In view of the fact that the inductor and the antioxidant, under the conditions of the experiment, were 
brominated by DBDMH, the phenetole was introduced after the elimination of these by bromination and the deter- 
mination of the zero point of the brominating agent. 
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The rupture of chemical bonds which accompanies the radiolysis of organic compounds in the solid state 
may be preceded by an intramolecular and intermolecular energy transfer across a considerable distance. A large 
amount of research has been devoted to the study of this problem; the extent of energy transfer was either deduced 
from the chemical analysis of the end products (see, for example, [1]), or from physical measurements such as 
spectroscopy [2]. The application of paramagnetic resonance (p.m.r.) opens essentially new possibilities for the 
study of energy transfer processes, since the technique makes it possible to record the first step in the rupture of 
chemical bonds and the formation of free radicals, without being encumbered by secondary chemical reactions. 


In this work we investigated the energy transfer 
in radiolyzed compounds I-III, listed in Table 1. The 
energy transfer was studied in two ways. First, as the 
p-m.r. spectra of simple hydrocarbons, irradiated in the 
frozen state, have already been investigated very thorough- 
I, 1,1-Dicyclo-/7y 5 ly (benzene [3], cyclohexane [4], normal paraffins [4-6)), 
hexyl- 4.9 b 
—“—“= ~~< fe , it is possible to locate the bonds being broken in complex 
,\Hy molecules I-III by studying the forms of their p.m.r. 


G, 
rad/100 ev 


Compound 


1,1-phenyl- > 
/ 
. 1-Phenyl-1- aN 
cyclohexyl- 
SNS CH= 


CH—Cy;Has 


A mixture of I and I 
(1:1 by volume) 


Cyclohexane ¢ “H> 


Benzene 


0,42 


0,46 


0,73 


1,6 
0,16 


spectra and thus follow the transfer of energy. Second, 
an energy transfer to the aromatic ring should be reflect- 
ed in a reduced over-all yield of radicals since the arom- 
atic rings in complex molecules seem to provide radia - 
tion shielding [7]. 


With these considerations in mind, we recorded 
the p.m.r. spectra of compounds I-III, benzene, and 
cyclohexane, all irradiated at -120°C by fast electrons 
(1.6 Mev) and also studied the kinetics of radical ac- 
cumulation. Besides the individual compounds we also 
studied a mixture of compounds I and Il. The p.m.r. 
spectra were recorded on an instrument which permitted 


measurements while the compounds were bombarded by fast electrons [8]. The technique has previously been 
described in detail [9], while the physical and chemical properties of compounds I-III are listed in [10]. Chemically 
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a b jf 

100 cersted c d 
Fig. 1. The p.m.r. spectra of irradiated: | 
a) Cyclohexane; b) compound I (120°). 
pure benzene and cyclohexane were used. The p.m.r. spectra 
of the investigated compounds were recorded at a frequency 
of ~9400 Md/ sec and are plotted in Figs. 1 and 2s the first de - 100 cersted 


rivative of the absorption curve. 


The spectrum of compound I contains the same number 


of lines and is as even as the spectrum of irradiated cyclohex- Fig. 2. The p.m.r. spectra irradiated: 
ane, which is produced by the cyclohexyal radical, CgHj; [4]. a) Benzene; b) compound II; c) com- 
: Thus, when compound I is irradiated, a large number of cyclo- pound III; d) a1: 1 (by volume) 
- . hexyl-like radicals must be formed. The poorly resolved hy- mixture of compounds I and II (at 
: perfine structure (as compared to the resolution in the case of -120°). 


cyclohexane) in the p.m.r. spectrum may be attributed to a 

superposition of the spectra of various isomeric radicals with the general formula RCgHj9. However, one should 
note that the spectrum of compound I contains additional lines (indicated by arrows) outside the range of the 
cyclohexyl radical spectrum which, it seems, should be attributed to the radicals formed when C-H bonds in the 
linear chain section of molecule I are ruptured. The p.m.r. spectra of radicals formed from linear hydrocarbons 
are known to have a spread of 150-160 oersteds [4-6]. Therefore, compound I yields radicals through the rupture 
of C-H bonds in the ring and in the linear portion of the molecular chain. 


When compounds II and III were irradiated, they yielded spectra similar to those of irradiated benzene. 
This indicates that in the case of compounds II and III, as well as in the case of benzene [3], only two types of 
radicals are formed: one by the detachment of a hydrogen from the ring, another by the attachment of a hydro- 
gen to the benzene ring. The lack of additional hyperfine structure in the spectra of compounds II and III and 
the fact that the components of the principal triplet are not as well resolved as in the case of benzene seems to 
be connected with the absence of internal rotation [3]. It is important to note that the spectra of these compounds 
(II and III) show no lines resulting from the rupture of C-H bonds in the linear chain or in the cyclohexyl ring. 
The mixture of compounds I and II gives p.m.r. spectra similar to those of compound II. The poor resolution and 
the presence of additional shoulders (indicated by arrows) can be attributed to some superposition of the spectrum 
of compound I. Therefore, when the mixture is exposed to radiation, most of the radicals are produced by com- 
pound II. 


The spectra analyzed above indicate that the C-H bonds on the benzene ring are the first ones to break 
in compounds II and Il. Consequently the energy received by various groups in the molecules II and III succeeds 
in redistributing itself before any chemical bonds are broken and is transferred into the benzene ring. In the case 
of the mixture, this intramolecular energy transfer is accompanied by a transfer of energy from compound I and 


II. The complex spectrum of compound I prevents any definitive conclusions as to whether there is a directed 
intramolecular energy transfer. 
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a b 


4 40 60 100 Mrad 
Fig. 3. Radical accumulation kinetics (-120°): 1) Com- 
pound I; 2) cyclohexane; 3) a 1: 1 mixture (by volume) 
of compounds I and II; 4) compound III; 5) compound II; 
6) benzene. 


The initial portions of the radical accumulation curves are shown in Fig. 3. Compounds containing 
benzene rings exhibit no deviations from a straight line up to a dosage of 100 Mrad. The lines of compound I 
and cyclohexane do not remain straight past 10-30 Mrad. The radiation yields of radicals Gp computed from 
the initial portions of the accumulation curves are listed inthe table. First of all, one should note that the yield 
of radicals from compounds II and III, which contain benzene rings, is smaller by one order of magnitude than 
the yield from compound I. This result provides additional evidence for the transfer of energy into the benzene 
ting which was previously deduced from the spectrum. If such a transfer did not occur and the radicals were to 
form freely on various parts of the molecule, compounds I, II, and III would all have had similar yields of radicals, 
since about 50 and 70%, respectively, of the electrons in compounds II and III are still constituents of saturated bonds. 
The transfer of energy into the benzene ring would explain why compounds If and IIT give almost identical yields 
of radicals. The energy received by these molecules becomes fully concentrated in the benzene ring, and the 
yield of radicals will depend entirely on the ring stability. 


The low radiolysis yield observed in the case of the mixture (compounds I and II) provides additional 
evidence for the transfer of energy from compound I to II. If the mixture components had not interacted, the 
yield of radicals would have been y ;G, + yyyGy;*2.5, which is considerably higher than the experimentally 
observed one (y, and yy are the fractions of the electrons contributed by compound I and II, respectively, to 
the mixture). At the same time one should note that the yield of radiolysis products from the mixture was higher 
than from compound II. This result, together with the fact that the spectrum of the mixture is poorly resolved, 
indicates that not all the energy received by compound I succeeds in passing over to compound II before some 
of the bonds break. If we assume that the increased Gp for the mixture is entirely due to the formation of radicals 
from compound I, then we can show that about 10% of the molecules (1) fail to transfer their energy. This may 
possibly be connected with a relatively low efficiency of intermolecular energy transfer. There remains the pos- 
sibility, however, that the frozen mixture of compounds I and II is not entirely homogeneous, which would also 
hinder the transfer of energy to compound II. 


Let us note that compounds II and III yield almost three times as many radicals as irradiated benzene. 
The fact that the introduction of alkylsubstituents on the benzene ring renders the molecules more unstable 
to radiation has been known for quite a while [11], but the reduced stability was usually attributed to the fact 
that bonds could now be ruptured in the side chain. Since the p.m.r. spectra seem to indicate that the radicals 
formed during radiolysis of compounds II and III are produced solely by the rupture of C-H bonds in the benzene 
ring, the indicated difference between the yields of radicals may be attributed to a decrease in the stability of 
the benzene ring produced by the introduction of the substituent. 
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In conclusion, the authors wish to thank G. K. Voronova for the assistance rendered in carrying out the 
experiments and in processing the experimental results. 
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In a previous communication [1] the authors of this paper showed that the isotopic exchange of sulfur at 


x 
840°C in the K,SO,—SOy system depends essentially on the specific activity of K,S0, . Within the investigated 


range of activities, from 0.02-0.03 to 16.2 mC/g, the maximum exchange rate was detected at the potassium 
sulfate activity of 2-2.3 mC/g. 


In this work the investigation was extended to K,SQ, samples with an even higher specific activity (up to 
~ 130 mC/g). The new data confirm the previous results and make it possible to clarify slightly the mechan- 
ism of the observed phenomena. The apparatus and the experimental technique were similar to those described 
in [1]. Some of the samples were prepared by adding small amounts of Na,SQ, rich in S®* to a solution of chem- 
ically pure K,SQ,. We had previously established that traces of Na,SO, have no effect on the isotopic sulfur ex- 


change in the K,$0,4-SO; system. The K,80, samples with the highest specific activity were prepared by neutral- 
izing labeled H,S0, with chemically pure KOH. The experimental results are presented in Table 1 and Fig. 1. 


The isotopic exchange rate remains constant in the K,S0, activity range from 0.02-0.03 mC/g. It begins 
to increase when the sample activity exceeds 0.05 mC/g and attains a maximum at 2-2.5 mC/g (about 60%, 
exchange in 10 min). As the specific activity of potassium sulfate is increased from 3 mC/g to 35 mC/g, the 
exchange rate decreases to 25% per 10 min. Above 61 mC/g the rate begins to increase again, attaining the 
value of 85% per 10 min at a K,SQ, activity of 131 mC/g. It is possible that the increased isotopic exchange 
rate observed when one increases the specific activity of samples from a few hundredthsto 2-3 mC/g is due to 
the creation of positive charges on the solid phase surface as a result of an uninterrupted bombardment by 
B -particles. The isotopic exchange of sulfur seems to proceed through a reaction between SO, and SOj™ ions 
on the potassium sulfate surface, with S,03~ ions formed as an intermediate product. An increased number of 
positively charged active centers on the surface favors the formation of these ions. The reduced exchange rate 
on samples with activities from 3 to 35 mC/g may possibly be due to a partial neutralization of the positive 
charges by the overabundance of electrons from the 8-radiation. In any case, the activation energy measure- 
ments (see below) confirm the theory that the mechanism for the isotopic exchange varies with the specific 


activity of the KS, samples, 


The sharply increased exchange rate observed when the specific activity of Ky84 is raised above 35 
mC/g probably proceeds by a mechanism different from that responsible for the first branch of the curve in 
Fig. 1. In this case, presumably, pure radiation effects assume the dominant role; these involve an increased 
activation of SO, ions and of individual atoms in the crystal lattice, as well as of SO, molecules, by the 
8 -particles. In a forthcoming communication (2), where the effects of external 8 - radiation on the isotopic 
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TABLE 1 
Isotopic Exchange in the K,SQ,— SO, System at 840°C 


Amt. of | Observed spec. 
K,SO, Pe Abs, activity, | No. of Percent 
sample no in mC/g experiments| change (average) 
added, in %| counts/min: g 
0,04 6,44-10° 1,7-40-* 5 11,7 
2 0.1 9,37-10" 6 11,5 
3 5,50+40° 6,1+10-* 5 14.2 
4 0,4 12,4 +40° 7 24.5 
4 0.4 12.5 3,5-40-* 4 26,7 
6 0.4 72,6 2,0 5 65,5 
7 0,4 80,4 «10° 2.8 5 66,9 
8 0.5 13,5 +40? 3,0 4 60,9 
9 2.6 28,2 +10" 7,8 5 33,3 
10 3,0 58,5 +10? 16,2 4 36,6 
if 2,0 96.4 +40" 27,4 4 31.4 
12 1:8 12,3 34,6 7 25,2 
13 55,4 +10° 61,4 31,5 
14 = «40° 74,9 5 43,2 
15 17.6 10° 98,8 4 52,8 


TABLE 2 


Rate Constants for the Isotopic Exchange Between SO, Gas and Na,$0, of Various Specific 
Activities 


8. Rate 
Na,SO, Temp. Percent =A: 
sample n exchange) 402 T in kcal/mole 
1,7-40-* 44,7 1,590 40,27 0,4637 24+2 
750 24,9 2,864 9,77 1,054 
800 38,4 4,894 9,32 4,587 
840 49,2 6,772 8,98 1,914 
2 1,02 700 25,8 2,984 10,27 41,0824 2342 
750 46,8 6,212 9,77 41,8254 
800 64,7 40,44 9,32 2,3424 
73,4 13,13 8,98 2,5754 
24,3 2,784 10,27 4,0300 19+2 
36,0 4,464 9,90 4, 4960 
56,0 8,210 9,32 2,1050 
69,3 11,810 8,98 2, 4469 
20,4 2,282 10,27 0,8252 18+T 
26,9 3,134 9,90 41,1400 
34,7 4,263 9,44 4,451 
56,9 8,418 9,07 2,125 


x 
exchange in the K,SQ,—SOs system are described, we will show that in exactly the same region (at a 3 + 10° 
ev dosage, which is equivalent to a potassium sulfate sample with an activity of 32 mC/g) the effects of fast 
electrons on the investigated process become first noticeable. 


Some of the factors influencing the isotopic exchange rate in the KgSO,—SOg,system are examined more 
thoroughly. One might have assumed that the chloride ions formed in the K,SQ, sample as a result of the s*° 


decay increase the exchange rate in the K,SOQ,—SOs system. To verify this assumption, we studied potassium 
sulfate samples with a specific activity of about 0.06 mC/g, containing 0.12% KCl. The percent exchange was 
11.6% (in 10 min) and thus turned out to be practically identical with that observed on pure samples. 


While studying the isotopic exchange in the K,SO,—SO, system, we were interested in finding out whether 
the exchange activation energy changes when the radioactive isotope content in the sulfate is increased. We 
could not use in this case K,SQ, since the kinetics would have to be investigated above 1000°C, and this might 
cause some thermal dissociation of the salt, The desired isotopic exchange kinetics were investigated in 


x 
Na,SQ,—SOsy systems using sodium sulfate samples of various activities. The results are presented in Table 2 and 
Fig. 2. 
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Fig. 1. The percent isotopic exchange Fig. 2. Rate constant for the isotopic ex- 
as : function of the specific activity of change in the Na,d0,-S O, system as a 
K2SQ,. function of 1/T. 
8 
ad 
min 
Fig. 3. In i sol as a function of time Fig. 4. Changes in the isotopic exchange 
in the isotopic exchange between Na,5O, rate ina Na,$0,—SO; system. 
and SO3. 


The activation energy was determined from the Arrhenius equation K = Kye"=/RT, The reaction rate 
100 


constant was computed by using the equation In = kt, where W is the percent exchange, t the duration of 
each experiment (10 min). This equation may only be used if the left side of the equation is a linear function 
of time (Fig. 3). The data presented above show that the mechanism for the isotopic exchange between 


x 
Na,SO, and SO, changes when one increases the specific activity of samplesfrom 0.02 and 1 mC/g to 11 and 25 
mC/g. The specific activity of Na,SO, and the isotopic exchange rate in the Na,50,—SO, system are inter- 


Xx 
related in exactly the same manner as was observed in the case of the K,SO,—SO, system. Chemically potassium 
potassium sulfate and sodium sulfate are very similar. On this basis one may conclude that the exchange mechan- 


x 
ism in the K,SO,—SOx system is the same. 


The isotopic exchange of sulfur in the system studied by us is divided into two distinct phases: for a short 
period of time, about 5 min, the exchange rate is very rapid (attaining 40%), then rapidly declines. In this case 
the exchange evidently occurs inside a narrow surface layer of K,SQ,. After that, the exchange rate in each 
subsequent 5 min period remains practically constant, at 10% below the value observed during the first 5 min 
(Fig. 4). In the second case the rate seems to be controlled by the diffusion of SO, in the solid phase. 


We also investigated the isotopic exchange between radioactive sulfur trioxide and stable potassium sul- 
fate (Table 3). We found that, after the sulfur trioxide was passed for 5 min over potassium sulfate, the activity 
of the latter decreased to a constant level. Undoubtedly the relatively high concentration of S*® which arises on 
the solid phase surface is responsible for the reduced exchange rate. The diffusion into the solid phase seems 


to be much slower than the reverse evolution of S* atoms out of the solid into the gaseous phase, observed in 
the exchange between labeled K,SO, and inert SOs. 
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TABLE 3 


x 
Isotopic Exchange in the KgSQ,—SO, System at 840°C. The Weight 
of K,SO, = 0.28 g, the Initial Activity of SO, was 6.2 mC/g 


Amount of 


Duration of $0, flow, 
ing 


in min. 


Spec. activ. of K,SO, 
after the expt.,in mC/g 
(averaged from 4 expts. 


0.2881 
0.5762 
0.8643 
1.1524 


TABLE 4 


x 
Isotopic Sulfur Exchange in the K,SO,—SO, System at Various Temperatures (the SO, 


weight was 0.6 g) 


0.28 
0.20 


0.28 


0.27 


Change in | Initial KS, activity, ‘ 
Temp., |K,SO,g wt., | K,SO, wt. activity, in in counts/min erceat 
in after expt, counts/min in in % of exchange 
in % counts/min | initial 
—0,1 1784-10" 1805-40* 100.9 
40,4 1614-40? 1665-10° 103,0 
—0,2 1663-108 1640-40° 101,0 
1663-108 148-10° 99,1 
—0,4 41577-10° 1483-10* 94,0 6,2 
—0,2 1388-40° 41307-10° 94,2 
1471 -10° 1422-108 93,3 6,8 
1308-10* 1237-40° 94,6 7,5 
= 1582-10* 1393-108 88,0 14,4 
—0;4 1696-10? 1527-40° 90,0 13,1443,6 
—0,1 1776-10* 1570-40" 88,4 14,2 


x 

exchange in the K,SO,—SO, system at various temperatures and at a constant activity of K,SO,equal to 5.9 x 
x 10° mC/g. Sulfur dioxide was dried over CaCl, and conc. H,SO,4, admitted into a quartz reaction tube at 
the rate of 13 liters/hr, and allowed to flow over a combustion vessel containing the labeled potassium sulfate, 


x 
After that, the residual K,SQ, activity was measured and the percent exchange computed. 
We have now established that sulfur undergoes exchange at 700° and above. The isotopic exchange rates 


x 
at 840° in the K,804—SO, and the K,SO,—SOy, systems are practically identical. 


At temperatures above 400° SO, begins to dissociate into SO, and oxygen. We therefore studied the isotopic 
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The literature devoted to the study of surface-active agents and their effects on the electrocrystallization 
of metals [1], particularly the work dealing with the role of specific agents in the formation of lustrous surfaces 
[2], contains many theories relating these effects to the physical adsorption of various compounds introduced 
into the solution or formed at the cathode. Accordingly, the amount of surface-active material occluded in the 
electroplate should depend on the adsorptivity of these materials (or of any products formed during electrolysis) 
and the surface charge of the electrode; it should be noted that the addition of surface-active agents to the 
electrolyte has many important practical applications in the preparation of useful electroplates. 


Theories dealing with the adsorption of surface active agents on nickel have been discussed in several 
papers [3]. Certain workers have tried to connect the adsorptivity of these compounds, some of which contained 
sulfur, with their molecular structure, and especially with the presence of free electron pairs [4]. At the same 
time there has appeared some evidence in recent chemical literature that the adsorption may be accompanied 
by an irreversible molecular dissociation [5]. The fact that sulfur is occluded in the deposit when electroplating 
is carried out in a solution containing organic compounds was attributed by several workers [6] to the formation 
of metallic sulfides in the vicinity of the cathode. Thus the mechanism by which various impurities are incor- 
porated into metal electroplates is still under discussion. 


The results of our work on the effects of surface-active agents containing sulfur on the structure and 
properties of electroplated nickel, cobalt, zinc, and copper led us to the conclusion that the amount of impuri- 
ties occluded and the occlusion mechanism both, depend to a large extent on the nature of the metal. 


Our investigation of the electroplating in the presence of surface-active agents showed that the amount 
and form in which these impurities, particularly sulfur, were present in the metal depend mainly on the chem- 
ical forces operating between the surface of the freshly plated metal and the molecules (or ions) of the surface - 
active agent present in the immediate vicinity of the cathode. When the amounts of sulfur contained in plated 
nickel and zinc are compared, it becomes very obvious that the quantities are strikingly different. Thus, for 
example, when the thiourea concentration in the nickel electrolyte is increased from 0.1 to 0.4 g/liter (pH 
2.5, Dy 1.3 amp/ dm?), the amount of sulfur in the plated metal increases from 0.8 to 5.26%, whereas a similar 


thiourea concentration change (from 0.2 to 0.4 g/liter) in the zinc electrolyte (pH 4, Dy 1 amp/dm*) changes 
the sulfur content in electroplated zinc from 0.12 to 0.37%. 


In Table 1 we have tabulated the total sulfur content in nickel and zinc electroplated from electrolytes 
containing: a) 160 g/liter NiSO, * 7H,O, 30 g/liter HsBO;, 10 g/liter NaCl, and b) 250 g/liter ZnSO, - 7H,O; 


into these electrolytes, surface-active agents such as thiourea, allyl thiourea, 6 -thionaphthoic acid, thioacetic 
acid, etc., were successively introduced. 
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The Sulfur Content of Nickel and Zinc Electroplated in the Pres- 
ence of Surface-Active Agents 


Current Total 

density, | sulfur 

g/iter | amp/dm? | content, 
wt, % 


Agent 


Thiourea 0.2 5.5 0.65 | 2.45 
0.2 5.5 1.0 1124 
Allyl thiourea 0.2 5.5 1.0 0,75 
3 th 
ae 3.7 0.6 0.084 
— 0.4 3.6 1.0 0.26 


Thiourea 
Allyl thiourea 


The data presented in the table demonstrated that occlusion in nickel is much more sensitive to the 
nature of the surface-active agent and to the electrolysis conditions. It was interesting to see if a reason could 
be found for this difference and if the sulfur-containing particles incorporated into electroplated nickel and 
zinc could be identified; these two metals were selected since, in the presence of surface-active agents, they 
crystallize in different ways. 


We have also determined the total carbon content in electroplated zinc and nickel. Analysis indicated 
that the amount of carbon « present in nickel was considerably less than would be expected from the total 
sulfur content, if one had assumed that the surface-active compounds were adsorbed in their original form. 
Thus, while the numerical sulfur to copper ratio in thiourea is 2.66, the analytically determined ratio in elec- 
troplated nickel could be as high as 12.6 in certain experiments. 


The above-discussed experimental results indicate that in the case of nickel and cobalt the surface-active 
agent is not just physically adsorbed in its original form but undergoes chemisorption, which is accompanied by 
the rupture of some of its bonds. This hypothesis was verified in two ways. The amount of sulfur present in the 


plated nickel as sulfide was determined from the amount of hydrogen sulfide evolved when the metal was dis- 
solved in dilute hydrochloric acid. 


To prove that the H,S produced by the action of HCI results from the decomposition of sulfides occluded 
in the metal and not from a nickel-catalyzed decomposition (in the presence of hydrogen evolved when the 
metal dissolves) of the original surface -active agent (particularly thiourea), we conducted special experiments 
in which the sulfides were liberated from the metal by means of anodic solution. The latter were carried out 
in neutral solutions of sodium chloride and nickel chloride. In order to prevent the appearance of a zinc metal 
residue in the sulfide powder, we fastened the plated metals undergoing anodic solution to a magnet. The 
black sulfide powder which remained undissolved was chemically analyzed and studied by x-ray diffraction. 


The chemical analysis of various powders thus obtained revealed that the sulfur: nickel ratio in these 
powders depends on the total sulfur content in the electroplated nickel. The sulfur: nickel ratio in these sulfides 
did not correspond to the stoichiometric ratio of these elements in known sulfides; in sulfides isolated from elec- 
troplates containing large amounts of sulfur, the sulfur: nickel ratio was occasionally as high as 2.5. The forma- 
tion of sulfides saturated with sulfur has already been previously reported in the chemical literature [7]. Our 
investigation showed that a considerable portion of the sulfur present in the isolated sulfides was loosely bound 


*The determination of carbon in nickel and zinc was carried out by V. S. Sedova by the combustion of powdered 
samples in a stream of oxygen. We take this opportunity to thank her for the assistance rendered to this work. 


Nickel 
Zinc electroplate 
3,0 4,7 0,6 0,27 
3,0 4,7 1,4 0,19 
2,0 3,8 1,0 0,049 
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to the nickel; it could be removed by heating the powdersat about 130°. Additional evidence to show 
that the sulfur is weakly bound was also obtained in experiments where the electroplated nickel was heated 
at 400-500°C. The sulfur: nickel ratio was only about 0.45 in powders left over from the anodic solution of 
preheated electroplates. This change inratio, produced by preheating the plates, seems to be due to a solid- 
state reaction between nickel metal and the unstable nickel sulfides instead of being the result of a simple 
evaporation of sulfur, since the total sulfur content in electroplated nickel was not detectably changed after 
heating. 


After comparing the amount of sulfur present as sulfide (determined by two methods) with the total sulfur 
content in the electroplated metals, we concluded that most of the occluded sulfur (over 90%) is present in the 
form of sulfide. The rest of the sulfur went into solution when the electroplated metal was chemically dissolved 
or decomposed by anodic electrolysis; the appearance of sulfur in these solutions may possibly be explained by 
assuming that some thiourea is occluded in the metal without decomposition and is then dissolved together with 
the metal. Thecarbon analyses seem to confirm this explanation. 


An examination of results obtained with zinc reveals that the mechanism by which surface-active agents 
containing sulfur become occluded in electroplated zinc is very different from the one described for nickel. 
Electroplated zinc contains very little sulfur in the form of sulfide. A large portion of the sulfur is not chem- 
ically bound to the zinc. Quantitative data on the carbon and "unbound" sulfur indicate that most of the sulfur 
occluded in zinc comes from the thiourea which is adsorbed unchanged. This confirms the hypothesis proposed 
earlier [8] to explain the effects of 2,6-2,7 dithionaphthanoic acid on the electrocrystallization of zinc. 


There is ample evidence in the chemical literature that nickel, when prepared in a certain way and 
saturated with hydrogen (the so-called Raney nickel), can quantitatively strip sulfur from both organic and 
inorganic compounds [9]. One may therefore assume that the freshly electroplated nickel also contains some 
hydrogen; it would then have properties similar to those of Raney nickel and react similarly with the surface- 
active agents containing sulfur. The above-described nickel properties would certainly explain why the sulfur 
content was so much higher than in the case of zinc. 


As our experiments have demonstrated, there is a number of different forms and ways in which the sulfur 
originally present in the surface-active agent added to the electrolyte can become incorporated into electro- 
plated metals, and consequently one can hardly expect to be able to explain the effects of various surface-active 


agents on the electrocrystallization of various metals (particularly their role in the structure formation) by using 
the same approach. 
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The differential capacity of the double layer was first used by T. I. Borisova, B. V. frshler, and A. N. 
Frumkin [1] in determining the potential of zero charge %—¢ = on electrodes and solid metals (Pb, T1, Cd). 
They showed that the capacity vs potential curves for these metals were similar to the well-known C, » curves 
for the mercury electrode. C, g curves have been used for determining %¢ =¢ values and for adsorption studies 
on Fe [2], PbO, [3], Zn [4], and on other metals [5]. 


On solid metals the capacity varies with the frequency of the applied alternating current (capacity disper- 
sion). Based on the fact that capacity dispersion is less on a smooth metal surface, for example a molten metal 
{1] or a single crystal [6], it was suggested [2] that the numerous microcracks in the surface of a polycrystalline 
metal screen part of the surface as the frequeney is increased. This decrease in effective surface of the elec- 
trode explains the decrease in capacity at high frequencies. On the other hand, Bockris and Conway [7] explain 
capacity dispersion as being due to slow relaxation of water molecules on the surface of a solid electrode. 


The object of the present work was to study the structure of the double layer at the zinc electrode by 
measuring the differential capacity. 


B. S. Krasikov and V. V. Sysoeva [4] measured the capacity at the zinc electrode to determine %¢ = . 
However, we were unable to obtain a pa close to the value ¢ _ ,= - 0.63 v found by these authors (the 
normal potential of the zinc electrode 207 - 0.76 v) because, when the negative potential was decreased, 
dissolution of zinc occurred and an anodic current was observed even at -0.85 v. Therefore, the accuracy of 
Ye = 9 values for zinc are questionable where the measurements were made in aqueous solutions. Electrocapil- 
lary measurements on molten salts at high temperatures [8] offer an independent method of finding ge = 9, 
assuming a constant potential difference between the maxima of the electrocapillary curves for a given metal 
in a melt and in an aqueous solution. For zinc this method gave 9_ =9 # - 0.65 v. 


We used an ordinary impedance bridge to measure the capacity. The electrode was prepared by growing 
a single crystal of spectrally pure zinc in a hard glass tube (i.d, 0.4-0.5 mm) so that the plate of the base was 
parallel* to the axis of the resulting fine wire. The area of the electrode immersed in the solution was measured 
with a microscope. 


Figure 1 (curves 1 and 2) shows that the variation of differential capacity at a zinc single crystal in 
0.2-1.0 N KCl was only 5-8% over the frequency range 0.4-1.0 kc/sec, In dilute solutions the variation was much 
greater, but in this case it was due to a parasitic bridge to ground, because the capacity—frequency curve for 
0,01 N KCl at gy = - 1.22 v was completely compensated when a compensating capacitor was inserted into the 
bridge circuit, as described by B. B. Damaskin [9]. Such a correction, however, can only be applied when the 


* As in the Russian original. 
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Fig. 1. Dependence of double-layer capacity 
on frequency at y= -1.22v. 1) Zinc single 
crystal in 1.0 N KCl; 2) same in 0.2 N KCl; 
3) polycrystalline zinc in 1.0 N KCl. 
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Fig. 2. Differential capacity of the double 
layer at different metals in 0.1 N KCl (fre- 
quency 10 kc/sec). 1) Zn; 2)Ga; 3) Hg. 
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Fig. 3. Differential capacity at zinc single 
crystal (frequency 10 kc/sec)., A:1)0.5NKC1 
2) 0.5 N KI; 3) 0.5 N KC1 + 0,00024 N . 
N(C4H9)4; 4) 0.5 N KI + 0.00024 N N(C,4H,),. 
B:1) 1.0 N KCl; 2) 1.0 NKC1+ 0,001 N 
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cell resistance is less than 100 ohms, In 0,001 N KCl 
(R = 5000 ohms) this method of compensation is not 
satisfactory. The effect of the state of the metal surface 
on capacity variation with frequency can be seen by com- 
paring Curve 3 for polycrystalline zinc with Curve 1 

(Fig. 1). 


Figure 2, Curve 1 shows the variation of C with 
Y at a zinc single crystal in 0,1 N KCl, The curves for 
Hg and Ga in the same solution, based on the data of 
Grahame [10], are given for comparison. It is seen that 
the three curves are similar in form, especially if they 
are moved along the abscissa until the minima coincide. 
The branches of the curves rise more steeply from the 
minima, however, for Ga and Zn than for Hg. It was 
suggested that the rise of the C, ¢ curve for zinc when 
the cathodic potential was decreased might be due to 
pseudocapacity as the normal potential of the metal was 
approached. However, a simple calculation showed that 
pseudocapacity wa’ insignificant in the region of the rise 
of the curve.* It is evident therefore that the positive 
branch of Curve 1 in Fig. 2 is due to adsorption of chlorine 
ions. 


Figure 3A shows C,¢ curves for the zinc electrode 
in solutions containing surface-active ions. The general 
form of these curves resembles that of the corresponding 
curves for mercury, which indicates a similar structure 
of the double layer on zinc and mercury. However, the 
difference between the C, ? curves 1 and 2 in Fig. 3A 

is much less than that between the corresponding curve 
on mercury [12], which is obviously related to the smaller 
adsorption of I” on zinc. It should be noted that the 
instability constant of the halide complexes with mercury 
is much less than that for zinc, and also that the differ - 
ence between these constants for Cl” and I” is much less 
in the case of zinc than for mercury [13]. 


N(C4Hs), ions are strongly adsorbed on zinc (Fig. 
3A). These ions are desorbed from the mercury electrode 
when the potential becomes sufficiently negative (¢ = 
= - 1.58 v), but no desorption peak was observed in the 
zinc electrode curves (Fig. 3 B). This fact indicates that 
adsorption equilibrium is reached very slowly on zinc as 
compared with mercury. The desorption potential for 
N(C,H,)j ions on zinc in a solution of 1 N KC1+ 0.001 N 
N(C4Hy)q (Fig. 3 B) and the desorption peak for mercury 
in the same solution [14] are almost identical when 


* The pseudocapacity was calculated using the formula 


_ ang coulombs 
(11) Cp = assuming n = 2, F = 10° ———— 


R= 8.3 Joules’ 10-5 om*/sec, w= 10000* 27. For 


E = - 0.76 v, c = 10° mole/cm’, C = 2+ 108 yf/em*; for E = -'0:88 v, c = 10°’ mole/cm’, C = 20 uf/om?; for 
E = -0,91v,c = 10°* mole/cm’, C = 2 yf/cm*. Since all the potentials were more negative than - 0.91 v, 
therefore the pseudocapacity in our experiments was less than 2 ypf/cm?. 
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referred to the y_ = 9 of the respective metals. Thus, 
the descxption peak for mercury in 1 N KCl + 0.001 N 
N(C4Ho)4 was observed at - 1.28 v, 9. =9 = - 0.28 v, 
giving a difference of - 1.0 v. For zinc the potential of 
complete desorption was - 1.58 v, @¢ = 9 = - 0.65 v, the 
difference being - 0.93 v. 


Figure 4 shows the relationship between the hydrogen 

Fig. 4. Hydrogen overvoltage at zinc single overvoltage at a zinc single crystal and the logarithm of 
crystal, 1) 0.5 N HCl+ 0.5 N KCI; 2) 0.5 the current density in a solution containing surface-active 
N HCl1+ 0.5 N KI; 3) 0.5 N HC1+ 0.5 N ions, These curves, like the capacity curves, resemble 
KCl + 0.0004 N 4) 5 N HCl + the corresponding ones for mercury. The adsorption of 
+ 0.5 N KI + 0.0004 N N(C4Ho)4 . iodine ions lowered the overvoltage, but as in the case 

of the C, ¢ curves the effect was less at the zinc elec- 
trode than at the mercury electrode [15]. Lowering of the hydrogen overvoltage owing to adsorption of Cl” and 
Br ions at a zinc amalgam electrode was observed by Ya. V. Durdin and E. G. Tsventarnyi [16]. The curves 
in Fig. 4 show that as in the case of mercury N(C4Hg)q ions increased the hydrogen overvoltage at zinc consider- 
ably. Unfortunately, we did not reach the desorption potential for these ions while measuring the overvoltage. 
When the N(CyHy)q and I” ions were present simultaneously the " , log i curves lay between Curves 2 and 3 in 
Fig. 4. As the negative potential is decreased, the adsorption of iodine ions increases, and the overvoltage de- 
creases. This effect, which is due to a mutual increase in adsorption, was observed at the mercury cathode [15] 
but not at the zinc electrode over the potential range studied. 


We thank Academician A.N, Frumkin for his interest and advice throughout this work. 
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The study of adducts formed by esters with electron acceptors such as metal halides is of some importance 
due to the fact that AlCl, and several other metal halides are used as catalysts in the alkylation and acylation 
of aromatic compounds by esters [1]. In this work the interaction between esters and metal halides and the ef- 
fects of this interaction on individual bonds in the ester were studied by examining the i.r, spectra of the com- 
plexes of TiCl,, SnCly, A1Cl,, and AlBr, with methyl formate, isoamyl formate, ethyl acetate, and propyl 
acetate; using this method, it is also possible to determine the point at which the two components are linked. * 


TiCl, and SnC], form stable complexes with formate and acetate esters; these have the general composi- 
tion R,;COOR, * TiCl, and 2R,;COOR, ‘ SnCly, and their properties have been studied in detail [3]. 


vC=0 
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Fig. 1. Absorption spectra of ethyl acetate: 1) Gaseous 
ethyl acetate; 2) CHyCOOC,H, + TiC, 


* Preliminary data indicating that metal halides add to the carbonyl group of ethyl acetate were published by 
us in communication [2). 
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Fig. 2. Location of the absorption maxima of gaseous propyl 
acetate and of its adducts with TiCl,, SnCl,, and A1Brs, respec- 
tively. 
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Fig. 3. Location of the absorption maxima of gaseous isoamyl formate and 
of its adducts with TiCl, and SnC\, respectively. 


The complexes of AlCl, and AlBr, with formates and acetates have received much less attention. It is 
known, however, that, when ethyl is mixed with AlCl, [4] or AlBrg [5] at room temperature, the ester is not de- 
composed, even ifexcess aluminum halide is present, and can be recovered unchanged by treating the com- 
plex with ice-cold water. 


The ester adducts of metal halides were studied in the solid state and were prepared ag follows. Into an 
evacuated cell with NaCl windows, we placed a plane-parallel rock salt or fluorite plate which was used as a 
backing. The plate was cooled and coatedwitha thin layer of metal halide by the condensation of vapor (TiC 
and SnCl,) or sublimation in vacuo (AICl; and AlBr,). After that, the cell was filled with the vapor of the 
investigated ester, which was allowed to react with the metal halide film. Prior to this the esters were dried 
over CaCl,. After pumping out the excess free ester at room temperature, the plate was pushed into that sec- 
tion of the cell where the windows were, and the spectrum was recorded. This technique made it possible to 
prepare thin ( 0,005 mm) layers which scattered little light without the need of exposing the adducts to air 
and dispersing them in a medium designed to reduce the scattering of light. At the same time, unfortunately, 
it was impossible to control rigidly the composition of the adducts formed. 


The spectra were recorded on an IK3-14 spectrometer with NaCl and LiF prisms. A slit width of 15-20 
was generally used. 


In Tables 1 and 2 we have compiled the absorption maxima for the adducts of ethyl acetate and methyl- 
formate studied by us. For the sake of comparison, we have also included the vibrational frequencies of gaseous 
and liquid ethyl acetate and the fundamental frequencies of free methyl formate. In Fig. 1 we have plotted, 
as an example, the transmission curves of gaseous ethyl acetate and of the same ester after the formation of an 
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TABLE 1 


Ethyl Acetate Frequencies (cm~') 


CH,COOC,H, CH,COOC,H, 
Literature 
data [6) gas liquid + TICl, + SnCl, +Aicl, | +AlBr, 
vc =O 1770 s, 1745 8. 1625 1633 Ss. 1620 8. 1610 s. 
CHs 1463 w. 1458 w. 1450 m. 1475 m. 1485 m. 1490 m. 
1425 m, 4455 m. 4455 m. 
3CHs acyl 1375 m. 4377 m. 1392 m. 1388 m. 1393 m. 1395 m. 
ll 
—O 4245 8s. 4250 s. 13358. 1325 s. 4345 m. 1348 m. 
1160 w. 1163 w, 1165 w, 
4100 w. 1100 w. 1100 w. 4100 w. 1105 w. 
4058 m. 1050 m. 1045 m. 1045 m 1045 m. 1045 m. 
930 w. be Ww. 41010 m. 4008 m 4007 m. 4010 m. 
Ww. 
852 w. 850 w. 850 m. 855 m 840 m, 845 m, 
785 WwW. 785 W. 812 m. 815 w. 820 m. 810 w. 


adduct with TiCl,. Our spectra of propyl acetate and isoamyl formate adducts, and of the corresponding esters 
in the gas phase, are represented schematically in Fig. 2 and 3. 


A comparison between the absorption spectra of pure esters and the spectra of corresponding adducts show 
that, in every case studied by us, the two most intense bands in the ester spectrum, at 1770-1750 and 1250-1200 
cm™~', disappeared when the adduct with metal halides was formed. The first band(vC = O) is generally assigned 


I 
to the carbon-oxygen vibration of the carbonyl group, while the second one vC =O is associated with the anti- 
symetric bond vibration of the oe = group in acetates or the & -O group in formates [7, 8], At the same time 


two new strong absorption bands, with maxima at 1635-1600 and 1360-1300 cm , respectively, appear in the 
spectra of the adducts. 


Such a change in the vibrational spectra cannot be explained by assuming that the metal halides are at- 
tached to the alkoxy oxygen of the ester. Indeed, if that were the case, one would only expect an insignificant 


change in vC = O and a lowering in the vibrational frequency ve -O. On the other hand, the disappearance of 
absorption bands in the 1770-1750 cm™? region and the appearance of new bands at considerably lower frequen- 
cies (120-160 cm™ below) are in good agreement with the hypothesis that metal halides are attached to the 
carbonyl group of esters. The new absorption bands at 1635-1600 cm™ can in this case be attributed to the 
vibration of a carbonyl group excited by the attachment of an electron acceptor. These bands are located very 
closely to the C = O band in the spectra of the AlBr, and SnC, adducts of acetone (1635-1625 cm™') [9] and the 
AlBry adduct of acetaldehyde (1660 cm™*) [2]; the enumerated adducts are most certainly formed by the addition 
of the metal halide to the carbonyl group of the organic compound. 


It should also be noted that the disappearance of the absorption bands at 1770-1750 cm™! can also be ex- 
plained in the case of ethyl acetate and propyl acetate by assuming that these esters change into the enol form 
when complexed with metal halides: 


H—O...MetHal 


The absorption bands at 1635-1600 cm™ could then be attributed to the C = C stretching vibrations. 
This assumption, however, does not seem to be very plausible since formate adducts, which cannot change 
into an enol form, have absorption maxirna at the same frequencies, Besides, the spectra of ethyl acetate ad- 
ducts contains no characteristic frequencies for the C-H bond next to a double bond. 
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TABLE 2 


Methy] Formate Frequencies 


Literature HCOOCH, HCOOCH, 


data [7] + TIC, + SnCl, + AICI, + AIBr, 


vC=0O 1754 1632 s. 1635s. 1630 s. 


1465 

3 CHs {188 1435 m. 1440 m. 1442 m. 1437 m, 
1445 

3 CH 1375 1372 m. 1375 m. 1385 m 1378 m. 


vC—O 1207 4308 s. 1322 s. 1346 s 1355 s. 
3 CHs 1168 1180 w. 1170 Ww. 4175 w. 
1100 w. 1100 w. 
3 CH 1032 1000 m. 978 w 
vO—CHs 925 885 m. 883 m. 870 865 w, 
3 OCO 767 811 m, 812 m. 82& m, 830 w, 
798 m., 780 w. 


The new intense absorption band at 1360-1300 cm™! evidently has to be regarded as the vC -O absorption 


displaced towards higher frequencies. The strong shift of this band seems to indicate that the d -O bond is great- 
ly strengthened at the expense of the weaker adjacent double bond. In the case of methyl formate one can also 
detect a shift in the vibrational frequency of the O-CH, bond from 925 to 885-865 cm”; the shift is very proba- 
bly due to a weakening of this bond. 


Ii 
The increased frequency vC -O, as well as the lowered C = O vibrational bond frequency, indicates that 
the metal halides are attached to the carbonyl group. Thus, with the help of i.r. spectroscopy, it is — to 
determine unequivocally the position at which the metal halide is attached to the ester. 


As a rule AlCl, and AlBrg produce greater shifts in the absorption spectra of esters than TiCl, and SnC 
do, which is in line with the fact that aluminum halides are more active catalysts. A particularly large shift 
is observed when propylacetate forms an adduct with A1Br, (see Fig. 2). 


The author feel deeply indebted to Acad. A. N. Terenin, under whose guidance this work was cartied out. 
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The chemical literature contains a very large number of papers on the relationship between the electrical 
conductivity and the catalytic activity of semiconductors [1-4]. The most common technique for altering the 
electrical conductivity and its activation energy, a method used widely by many workers, involves the introduc- 
tion into the oxide semiconductors of impurities which form solid solutions with it. The catalytic properties of 
such solid solutions, with regard to donor-acceptor reactions (CO oxidation, N,O decomposition, H,/D,), can be 
varied extensively, which is directly connected with changes inthe electrical conductivity and its activation 
energy. 


In accordance with the electronic theories, several workers [5-7] have connected the activity of semi- 
conductor catalysts with the position of the Fermi level relative to the surface, It should be noted that in several 
cases the experimental results are in conflict with the theoretical data. The discrepancies are probably due to 
the fact that the electrical conductivity of polycrystalline solids will not reflect any changes in the electron gas 
concentration near the surface. The position of the Fermi level can most precisely be established from the 
magnitude of the work function. In the present work we compared the electrical conductivity activation energy 
(Eg) with the changes in work function (%) produced by introducing impurities into ZnO. 


To do this, we constructed an apparatus which made it possible to measure simultaneously the electrical 
conductivity and the contact potential difference on the same semiconductor sample and under identical condi- 
tions; this way any possible side-effects were eliminated. The investigation was carried out on zinc oxide with 
the impurities selected so that some of them increased the work function while others decreased it, as was estab- 
lished in a previous work [8]. The modified zinc oxide samples were prepared in various ways, so that the 


impurities could be introduced either at the surface or into the ZnO. Luminophorous zinc oxide was used as 
the starting material. 


Lithium and sodium were introduced by saturating zinc oxide with the respective oxalates; this was fol- 
lowed by topochemical decomposition at relatively moderate temperatures; 450-500°C, Specified experiments 
proved that at the temperature and maintenance times used in this work, the oxalates were totally decomposed. 

In preparing ZnO samples containing ‘lithium, one would expect the solid solutions to form even at 450°; in the 
case of ZnO and sodium, the formation of solid solutions was less likely, due to the large ionic radius of sodium. 
Thorium was introduced by treating zinc oxide with thorium nitrate solutions, which coated the surface with a 
layer of thorium hydroxide. [ Th(OH), normally precipitates at pH 3.5-4; in aqueous solution zinc hydroxide is 
formed on the zinc-oxide surface at pH = 8.4]. Firing at 450° resulted in the decomposition of the zinc hydroxide 
to zinc dioxide. Zinc sulfate was introduced through adsorption from a solution of the corresponding electrolyte. 
As has already been established [9], the adsorption of zinc sulfate on zinc oxide is irreversible and is accompanied 
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No. Zinc oxide samples 


ZnO 


1 0,08 —0,7 0 

2 ZnO + 8% Na,O 0,32 +0,8 —1,5 
3 ZnO + 8% Li,O 0,5 —0,1 —0,6 
4 ZnO + 8% Li,O 0,25* —0,03 —0,67 
5 ZnO + 14,5% ZnSO, 0,24 —1,3 +0,6 
ZnO + 2% ThO, 0,17 —0,9 +0,2 


*Sample fired at 1100°C, 


by the formation of basic zinc sulfates and a subsequent hydrolytic decomposition. Samples containing zinc 
sulfate were also fired at 450°C. 


Zinc oxide samples containing different impurities were studied by means of x-ray diffraction and elec- 
tron diffraction. The samples were compressed into pellets under a pressure of 200 kg/cm?* and placed into a 
special cell which was connected with an apparatus for the simultaneous determination of electrical conductivity 
and contact potential difference. We used Miller’s method [10] and a 300 cps frequency for the determination 

of electrical conductivity. The resistance measurements were accurate to within 15-20%, The contact potential 
difference between the investigated semiconductor and a gold reference electrode was determined by means of a 
vibrating -reed condenser [11]. The measured contact potential differences were accurate to within 4 0.01 v. 
The samples were conditioned at 300-400°C in vacuo (10> mm of Hg) or in a carbon monoxide atmosphere 

until the resistance became constant. On all our samples the electrical conductivity activation energy and the 
contact potential difference were determined as the samples were heated and while they were cooling. 


The table lists the experimentally determined electrical conductivity activation energies (in ev), contact 


potential differences with references to gold, and the differences between the work functions of pure and modified 
ZnO, 


The above-listed data show that the electrical conductivity activation energy of pure zinc oxide is very 
insignificant, which indicates also that the sample was almost entirely free of adsorbed oxygen. Our electrical 
conductivity activation energy was very close to the literature value for zinc oxide [12]. 


The introduction of chemically different impurities reduces the electrical conductivity and increases its 
activation energy. The electrical resistance at 350° decreased in the order: 


ZnO +-LigO > ZnO +- NagO > ZnO +- ZnSO, > ZnO + ThO, > ZnO. 
Sample No, 3 


Thus, if one were to rely solely on the electrical conductivity measurements, one would conclude that all of 
the impurities introduced by us into zinc oxide were electron acceptors, displacing the Fermi level downward 
towards the upper limit of the valence band. 


However, work function measurements yielded somewhat different results. The data presented above show 
that lithium and sodium reduce the work function of pure zinc oxide, whereas zinc sulfate and thorium dioxide 
increase it. Consequently, on the basis of work function data, one may conclude that both lithium and sodium 


impurities are electron donors, displacing the Fermi level towards the conductance band, but that sodium has 
a more pronounced effect than does lithium. 


Even when the firing temperature of a ZnO + 8% Li,O sample was raised considerably, the effect of lithium 


ion and Eg and A » was in the same direction. The slight decrease in the magnitude of Eg should probably be 
attributed to the recrystallization of zinc oxide at 1100°C. 


The distribution of the impurities will depend on the preparatory conditions and on the chemical proper- 
ties of both the solid and the impurities. Thus, the impurities may form solid substitution or inclusion solutions 


or become adsorbed on the surface. Changes in the electrical conductivity and work function of solids will 
depend on the location of impurities in the solid. 
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It should be noted that all the workers who had studied zinc oxide doped with lithium oxide had presumed 
that the lithium ions introduced into the zinc oxide lattice force zinc ions out into interstitial spaces (which 
should result in increased lattice parameters); yet the chemical literature contains practically no direct x-ray 
crystallographic evidence to indicate any formation of solid solutions in the ZnO + Li,O system. Thus, for 
example, it was shown [13] that the lattice parameters of zinc oxide remained essentially unchanged after 
samples containing 0.12 and 0.32% lithium were fired at1000-1200°C, high above the temperature at which 
sintering occurs (Taman's temperature is 870°). The lattice constant of pure zinc oxide is 3.2432, while that 
of zinc oxide containing 0.12% Li,O was 3.2431 [13]. 


The x-ray crystallographic measurements on modified zinc oxide were performed by N. A. Shushakov and 
co-workers and by M. Ya. Kushnerev, for which service the authors wish to thank them. According to our data, 
the lattice parameters remain unchanged when impurities are introduced into zinc oxide, and therefore we have 
no direct evidence for the formation of solid solutions. 


Evidently, as all the above-mentioned results seem to suggest, when lithium oxide and sodium oxide are 
introduced into zinc oxide, their content at the surface and inside the solid is different. 


Impurities located on the surface and those present in the layer adjacent to the surface, at a depth exceed- 
ing the screening length, have different effects on the electrical conductivity and the work function. Several 
observations clearly indicate that the work function changes as a result of surface charge and not because of any 
effects which could be directly attributed to the alkali ion (Na* or Li*) dipole moment [5]. Impurities located 
deep inside have no effect on the work function and act as electron acceptors increasing Eg, while these same 
impurities may act as electron donors on the grain surface and reduce the work function (g). It is very likely 
that lithium dissolves in the zinc oxide layer next to the surface to form a solid inclusion solution, since the 
lithium oxide has a higher concentration on the surface than inside the solid. That is why the impurity affects 
the Eg and A g in different ways. Even electron diffraction could not detect any lithium oxide in samples of 
ZnO + 8% Li,O fired at 450°. 


Zinc sulfate is just adsorbed on the surface of ZnO. In such cases any changes in both the electrical 
conductivity and the work function will be determined by the displacement of the Fermi level from the surface, 
as was found to be true (see the table). The same applies to ZnO containing ThO,. 


Thus, in many cases changes in the electrical conductivity of modified catalysts can not be used as the 

sole criterion to locate the Fermi level at the surface. Therefore, any research devoted to the determination 
of quantitative relationships between the catalytic activity and the electrical conductivity of modified catalysts 
may lead to erroneous results if the distribution of the impurity between the inside and the surface of the solid 
is not examined in detail. 
LITERATURE CITED 
[1] G. M. Schwab and J. Block, Zs. Phys. Chem. N. F. 1, 42 (1954); Zs. Elektrochem. 58, 756 (1954). 
(2] G. Parravano, J. Am. Chem. Soc. 15, 1452 (1953). 

[3] N. P. Keier, S. Z. Roginskii, and I. S. Sazonova, Dokl. Akad. Nauk SSSR 105, 859 (1956).* 

[4] A. Bielianski, I, Deren, and I. Haber, Bull. Polish Acad. Sci. [in Polish] 3, 3, 221 (1955); 4, 791 (1955). 
[5] K. Hauffe, Advances in catalysis 7, 213 (1955). 

[6] S. Z. Roginskii, Dokl. Akad. Nauk SSSR 126, 4, 817 (1959). * 

(7) F. F. Vol’kenshtein, Uspekhi Khim. 27, 1304 (1958). 

[8] £. Kh. Enikeev, L. Ya. Margolis, and S. Z. Roginskii, Dokl. Akad. Nauk SSSR 130, No, 4 (1950). 

[9] G. M. Zhabrova and E. V. Egorov, Radiokhimiya No. 5, 538 (1959). 
{10] P. H. Miller, Rev. Sci. Instr. 7, 298 (1952). 


* Original Russian pagination. See C. B. Translation. 


5 

2 

3 

oe 

a 

ia 

4) 

2A1 


(11) V. F. Bogolyubov, Radiotekhnika i elektronika No, 3, 323 (1957). 
{12] D. J. Bevan, J. P. Shelton, and J. S. Anderson, J. Chem. Soc. 1948, 1729. 


{13] A.Cimino, M. Marezio, and A. Santoro, Naturwiss, 44, No, 11-12, 348 (1957). 


5 


THE HYPERFINE STRUCTURE 
IN THE PARAMAGNETIC RESONANCE SPECTRA 
OF BENZOPHENONE-K-KETYL 


V. M. Kazakova and Corresponding Member Acad. Sci. USSR 
Ya. K. Syrkin 


M. V. Lomonosov, Moscow Institute of Fine Chemical Technology 
Translated from Doklady Akademii Sci. USSR, Vol. 131, No. 2, pp. 346-347, 
March, 1960 

Original article submitted November 4, 1959 


In a previous communication [1] we reported that the paramagnetic resonance (p.m.r.) spectra of several 
ketyls (these result from the reaction between ketones and alkali metals) formed in a stream of an inert gas in 
the form of insoluble film on the surface of metal shavings. We were interested in examining the hyperfine 
structure (h.f.s.) in the p.m.r. spectra of ketyls since from the h.f.s. one can determine the distribution of the 
spin density of the unpaired electron throughout the molecule. Here, however, we encountered several difficul- 
ties, mainly due to the fact that most ketyls are insoluble in common organic solvents. Only the potassium 
ketyls of benzophenone and phenyldiphenyl ketone will dissolve in benzene. We studied the p.m.r. spectra of 
dilute solutions of benzophenone-K -ketyl and phenyldiphenyl-K -ketyl at room temperature in a radio frequency 
spectrometer using high-frequency magnetic field modulation and resonant-cavity stabilization of the clystron 
frequency [2]. The spectra were recorded on an automatic potentiometer in the form of the first derivative of 
the absorption curve. In the spectrum of benzophenone-K -ketyl, h.f.s. was detected. In addition to this, at 
first only seven peaks appear (Fig. 1), but, when the solution is diluted, the spectrum becomes more fully 
resolved (Fig. 2). The entire spectrum consists of 23 lines with a 2.1 gauss separation between the initial septet 
components and a 0.7 gauss splitting inside the septet. This type of spectrum can be explained in the following 
way. The seven components initially observed are due to an indirect interaction between the unpaired electron 
and the 4 orthoand 2 para ring protons. Further splitting arises from the interaction with 4 meta protons; at the 


Fig. 2. 


same time, if the ratio of a,:a, = 3.: 1, one should only 
observe 23 of the 35 h.f.s. components, which was experi- 
mentally confirmed. 


Using McConnell's empirical equation, 4 = Qp, where 
= - 22.5, and our own experimental data, we were able to 
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estimate the unpaired electron spin densities in p - -orbitals of the 
phenyl ring carbons. The spin densities thus calculated were |p| = 
= 0,093 in the ortho and para positions, and |p| = 0.031 in the meta 
position (Fig. 3). 


Using the molecular orbital treatment and the Hickel approx - 
Fig. 3 imation, we calculated the distribution density of an unpaired elec- 
faa tron in diphenylmethy]; for the ortho and para carbons p = 0.10, while 

on the methyl carbon p = 0.4, both of which are in good agree - 

ment with our experimental results, It is interesting to note that our results indicate equal spin densities in the 
ortho and para positions, whereas, in the case of triphenyl methyl Lupinski [3] considers the spin density in the 

para position to be negligibly small in comparison with the ortho and meta positions. Brovetto and Ferroni [4], 

who computed the values of p in triphenyl methyl using the LCAO treatment, report identical values for. the 


ortho and para positions. Similar results are obtained when the spin densities are calculated by the molecular 
orbital method. 


The hyperfine structure of phenyldiphenyl-K-ketyl in benzene could not be resolved, We are currently 
pursuing the investigation of the p.m.r. spectra of aromatic and aliphatic metal ketyls in solution. 
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It is well known that the type of aggregated stable concentrated emulsion obtained from two ideal liquids 
with low Newtonian viscosity (such as water and benzene) is essentially determined by the molecular surface 
properties of the emulsifier used in preparing it: the emulsifier forms on the surface of the droplets a structural 
and mechanical barrier which prevents them from coalescing [1]. Upon this basis hydrophilic emulsifiers make 
it possible to obtain direct emulsions (that is, the “oil in water" (O/ W) type), while oleophilic emulsifiers 
stabilize inverted emulsions (that is, the “water in of1" (W/O) type). 


On the other hand, liquids possessing a steric structure and having a high effective Gtructural) viscosity, 
show their own specific behaviour on emulsification. To this group belong, for example, bitumens and tars of 
viscous types at temperatures above 40° [2] and less viscous types at ordinary temperature. In the presence of 
hydrophilic surface-active emulsifiers, which in considerable concentration of the agent impart structure to the 
water, these are able to form with the water not only direct but also inverted emulsions, 


When the bitumen or tar is added gradually to the aqueous solution of the emulsifier (concentration C), 
as we should expect, there is formed a direct emulsion, and the concentration of the bitumen in it may be 
increased to large values, until the formation of a limiting concentration of the emulsion (“limiting emulsion") 
(Fig. 1,1). In the converse case, when the bitumen or tar is treated by stepwise addition of the aqueous solution 
of the same emulsifier, an inverted emulsion (water in oil type) is always formed, the concentration of which 
may be increased up to a definite limit Q, depending on the concentration C of the emulsifier in the water 
(Fig. 1, 2). Q denotes the weight concentration of the disperse phase in the limiting emulsion. 


As an example, there are displayed in Fig. 1 the emulsification isotherms obtained with the bituminous 
material B-5, which at ordinary temperatures behaves like a highly structural system, and with aqueous solutions 
of a cation active emulsifier (the emulsifying agent A-20), namely, the benzoylsulfonate of methyldiethyl-2,5- 
dioctylphenoxyeicosaethyleneoxymethylammonia: 


N (C,Hs)2 R 


GHOie—0~ < 


The results of emulsification are determined, certainly, not only by the introduction of the hydrophilic 
emulsifier and its concentration, but also by the content of oleophilic surface-active substances in the bitumens 
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where R = CgHj7. 
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and tars, and further by the thixotropic structure character- 
istics of this system. In the course of the curves, there can 
ie ! be distinguished three regions of concentration of the hydro- 


Weight 
90 


philic emulsifier C, according to their effect on the emul- 
sification. 


the water in oil type, It is characteristic that, in the emul- 

sification of pure water, the weight concentration in the 

emulsion Q is a maximum, but, with increase in the con- 

= 2 centration of the emulsifier in the water, Q is slowly reduced 
MT from 77.8% to 20%, This effect is produced by the antagonis- 

tic interaction between the oleophilic emulsifiers of the 

30 Weight, % bitumen and the hydrophilic emulsifier in the water solution; 

each of these tends to destroy the emulsification of both the 

aqueous solution and the bitumen,respectively, as a consequence of which mutually cancelling quantities of both 

the stabilizers are eliminated from the emulsification processes [3]. In region I there is present no excess of the 

hydrophilic emulsifier; therefore, necessarily, it is impossible to stabilize the direct emulsion (oil in water type). 


| In region I there is stabilized only inverted emulsions, 


roy 


In region II is developed the direct emulsion of bitumen in water (the oil in water type); this is initially 
coarse, since the excess of hydrophilic emulsifier is not yet sufficient to stabilize highly disperse emulsions; 
but, with increase in the concentration of the hydrophilic emulsifier, the dispersion of the emulsification in- 
creases. In the same region there takes place some reduction in the value of Q in the inverted emulsion, which 


may be attributed to a change in the structural and mechanical properties of the bitumen under the influence 
of the emulsifier A-20. 


In the region III, similarly, there are easily obtained both types of highly disperse emulsions in proportion. 
to the quantity of emulsifier introduced into the liquids. Some reduction of Q in the direct emulsion is deter- 
mined by the continuing increase in the degree of dispersion of the globules of the bitumen. As to the inverted 
emulsion, in this region the concentration of the hydrophilic emulsifier is the result of emulsification which, as 
in region II also, wholly depends on the structural and mechanical properties of the bitumen. Stabilization of 
the globules of water and aqueous solutions in region.I is accomplished both by the oleophilic emulsifiers of the 
bitumen and, to a considerable extent, by the incorporation of the globules in the steric network of the bitumen, 
thixotropically reestablished after their partial destruction in the course of dispersion. However, in the regions 
II and III the emulsifying properties of the oleophilic emulsifiers of the bitumen are reduced because of their 
antagonistic interaction with the hydrophilic emulsifier. Consequently the only factor in producing the aggrega- 
tive stability here of the inverted emulsion, is the structural and mechanical properties of the bitumen. 


In full agreement with the ideas of P. A. Rebinder [1], the universal structural and mechanical factor in 
the stabilizing of the disperse systems in our conditions is the manner in which this can predominate over the 
hydrophilic properties of the emulsifier even when the latter is present in very high concentrations in the aqueous 
solution, so that even then stable emulsions of the water in oil type can be maintained. 


A similar effect of powerful stabilization of direct emulsions by hydrophobic metallic soaps, through the 
formation of a structural and mechanical barrier, has been discovered earlier by A. B. Taubman and A. F. Koretskii 
[4], during the formation of oil emulsions with the help of solid emulsifiers. 


The same results as with the bitumen of type B-5 have also been obtained by us with anion active hydro- 
philic emulsifiers, both with bitumens of viscous types and with tars, the emulsions possessing at ordinary tem- 
peratures solid-like properties [2]. In these cases the bitumen was heated up to 60-70° (that is, until it attained 
the conditions of a highly structured liquid and then submitted to emulsification. 


The authors are most grateful to Academician P, A. Rebinder for his valuable comments, especially dur- 
ing the reading of the manuscript. 
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While studying the oxidation of n-decane, we proved that the over-all decomposition rate of hydroperox - 
ide intermediates practically coincides with the formation rate of oxidation products [1]. This indicates that 
hydroperoxides constitute the sole primary intermediates in the liquid-phase oxidation of n-decane. Now that 
the first step in the complex oxidation of saturated hydrocarbons has been elucidated, the mechanism of hydro- 
peroxide decomposition and the formation of final oxidation products have to be investigated. 


While studying the decomposition of hydroperoxides in the absence of oxygen (i.e., under conditions 


where fresh hydroperoxides could not be formed), we made several observations which attested to the complex - 
ity of this reaction. On the basis of these observations, one could safely conclude that the free radicals formed 
when the O-O bonds in hydroperoxides are broken induce a chain decomposition of hydroperoxides [2-4]. The 
experimentally measured decomposition rate of hydroperoxides was regarded as representing the over-all rate 
of two reactions; a monomolecular and a chain reaction. 


In order to prove that the n-decyl hydroperoxides formed from n-decane do indeed undergo a chain de- 
composition and to get a quantitative relationship between the molecular and chain decomposition routes, we 
used the method whereby induced hydroperoxide decomposition is suppressed by the addition of inhibitors. This 
technique has been widely used in studying the relationship between the decomposition rate and the structure of 
substituted benzoyl] peroxides [5], in the oxidation of cyclohexane [6], etc. 


The inhibitor, {n our case a-naphthol, was introduced into n-decane while the latter was undergoing 
oxidation in a stream of oxygen at 130°, The inhibitor was introduced at various stages of the reaction. The 
kinetic curve for the formation of hydroperoxides (Fig. 1, 1) shows a sharp break when a-naphthol is introduced, 
which is due to the fact that the inhibitor breaks the chain in the formation of hydroperoxides. After the 
inhibitor is introduced, the concentration of hydroperoxides does not remain constant, as would have been the 
case if the decomposition proceeded solely by a chain route; instead, appreciable decline in the concentration 
of hydroperoxides is observed. Consequently, the decomposition of hydroperoxides proceeds partially without 
involving free radicals, namely by a non-chain route. The specific rate of the non-chain reaction does not 
depend on the intial concentration of hydroperoxides and is also independent of any other oxidation products 
present in the system. In fact, regardless of the time at which a-naphthol was introduced, the resulting decom- 
position rate constant remained the same, k = 1.7 x 107° min“! (see Fig. 1, curves 2, 3, and 4). Consequently 
the specific rate of the non-chain decomposition of hydroperoxides, measured by the inhibitor method, represents 
the specific rate of the first step in the decomposition of hydroperoxides to radicals. 
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150 300 450 600 750 min 100 00min 
Fig. 1. Kinetic curves for the oxidation of Fig. 2. Decomposition kinetics of n-decyl 
n-decane at 130°; the concentration of hydroperoxides in n-decane at 130° (under 
hydroperoxides: 1) In the absence of inhib- nitrogen): 1, 2, and 3) with no inhibitor 
itors; 2, 3, and 4) in the presence of a- present; 1’, 2’, and 3") in the presence of 
naphthol. Arrows indicate the time at which a-naphthol. The crosses on curves 1", 2', 
a-naphthol was introduced and 3’ denote concentrations of hydroperox- 


ides in experiments where the decomposition 
was studied in an atmosphere of O, (in the 
presence of a-naphthol). 


Since the absolute rate constant of a non-chain 
decomposition of hydroperoxides is much smaller than 
the over-all specific decomposition rate determined 
before [1], it is imperative to compare the decomposi - 
tion of hydroperoxides in the presence of inhibitors with 
decomposition under conditions where there is no inter- 
ference with the chain reaction. 


Cin 'g/m1 


To do this, we carried out two parallel experi - 
ments by stopping the flow of oxygen at the same initial 
concentration of hydroperoxides and measuring the rate 

f i ition (i t 
under nitrogen as a function of inhibitor con- of 
. nitrogen), in the presence of inhibitors in one case and 

centration. The concentration of hydroperox- pee : 
ides: 1)0.65%; 2) 1.21%: 3) 2.19% The without inhibitors in another. The kinetic curves plotted 

in Fig. 2, show that the addition of inhibitors retards the 
cross-hatched points represent similar experi - 

decomposition of hydroperoxides, hence, under the 

ments under Oy. 
ordinary conditions of n-hexane decomposition, some 
of the decomposition of hydroperoxides must be induced 
by free radicals. 


Fig. 3. The specific decomposition rate of 
n-decyl hydroperoxides in n-decane at 130° 


On the basis of these data, a mechanism can be postulated for the inhibition. In studying the inhibition 
of oxidation reactions, it is customary to assume that the naphthols react with RO, radicals, which in this case 
propagate the chain reaction. However, when hydroperoxides undergo decomposition in a nitrogen atmosphere 
there are no RO, radicals produced. Consequently, a-naphthol does not react exclusively with RO, radicals but 
also with other free radicals, such as ROradicals, formed in the decomposition of hydroperoxides. 


The ratio between the chain and non-chain decomposition rates of n-decyl hydroperoxides does not remain 
constant during the oxidation of n-decane. Instead it changes with the over-all rate of hydroperoxide decomposi - 
tion and the extent of oxidation. The chain length in the decomposition of hydroperoxides provides a quantitative 
measure of this ratio; by starting from the same initial concentration of hydroperoxides and comparing the spe- 
cific rates of inhibited (in the presence of a-naphthol) and uninhibited decompositions, we can in turn compute 
the chain length. Using this method we found that the chain length in the decomposition of n-decyl hydro- 
peroxides (at 130° in n-decane) changes from 20 members at the start of the reaction (hydroperoxide concentra - 
tion 0.6%) to 3 members when the concentration of hydroperoxides reaches 2.1%. In Fig. 2 we have also presented 
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the results obtained from similar non-chain decompositions of n-decyl hydroperoxides (in n-decane) but carried 
out in the presence of oxygen; these results fully coincide with those obtained under nitrogen. This indicates 

that the presence of oxygen has no effect on the non-chain decomposition of hydroperoxides. The measured 

tate constants for the decomposition of n-decyl hydroperoxides are plotted in Fig. 3 as a function of the inhibitor 
concentration. When the a-naphthol concentration is increased, the specific decomposition rate of hydroperox- 
ides (under nitrogen) at first decreases sharply, then above a certain concentration of the inhibitor becomes 
constant. The lower the initial concentration of the hydroperoxides, the sooner the curve levels off. The specific 
rate in the presence of excess inhibitor measures only the non-chain decomposition of hydroperoxides and should 
therefore be independent of experimental conditions. Similar experiments done under oxygen (black dots in Fig. 
3) yield the same limiting rate constant for the decomposition of hydroperoxides. 


The absolute rate constant for the non-chain decomposition of hydroperoxides varied from 1.7 to 1.9 x 
x 10-* min-! in different experiments and was close to the rate constant for the chain branching in the oxidation 
of n-decane, k = 1.1 x 107° [7]. 


The slight difference between the two constants could indicate that the non-chain decomposition of hydro- 
peroxides to radicals is accompanied by a molecular decomposition to give ketones and water. To verify this 
hypothesis, we conducted special experiments in which the n-decyl hydroperoxides were isolated from oxidized 
n-decane (for the method see [8]) and their decomposition in the presence of a-naphthol investigated. No 
ketones were found among the products of this reaction. It seems that the slightly smaller specific rate of chain 
branching may be attributed to the so-called *cage effect”. It is very probable that a small portion of the R 
radicals, formed from a reaction between RO radicals, formed from a reaction between RO radicals and the 
solvent, react with the OH radical without leaving the “cage” 


That the RO radicals are formed in the non-chain decomposition of hydroperoxides was also confirmed 
in experiments where the decomposition of n-decyl hydroperoxides was inhibited by phenol (8.5 x 10~® 
moles/ liter) and the concentration of alcohols among the reaction products was measured. Under these condi- 
tions the kinetic curves for the consumption of hydroperoxides and the formation of alcohol were in complete 
agreement, or in other words all of the alcohol was formed from the hydroperoxides through subsequent reactions 
of the RO radicals, as can be seen below: 


Time from the start of experiment, min: 45 10 110 200 260 
Amount of hydroperoxide decomposed, 

mole % 0.1 0.24 0.40 0.61 0.96 
Amount of alcohol formed, mole, % 0.1 0.26 0.38 0.64 0.94 


Thus one may safely conclude that the chain-branching in the oxidation of n-decane represents a non- 

chain decomposition of n-decyl hydroperoxides into free radicals, one of which is RO. 
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The chloride ion is one of the most active anions and is capable of reactivating a great number of pas- 
sive metals., The activation mechanism has not as yet been concretely established, but two theories are cur- 
rently available; the film theory [1, 2] and the adsorption theory [3-5]. 


In one of our papers [6] we established that the activation of stainless steel by chloride ions can be 
entirely suppressed not only with typical oxidizing agents, but also with sulfate ions. Attempts to interpret 
these results from the standpoint of the film theory ran into considerable difficulties, and we therefore suggested 
that the processes taking place on the surface of alloys in the presence of anions may involve adsorption, The 
passivity of the alloy surface should then depend on the predominantly adsorbed anions. 


To confirm this interpretation, we determined the adsorption of chloride ions by using a radioactive tracer 
(CI°*) with a half-life of 4 x 105 years and a specific activity of 0.058 mC/g. The amount of NaCl adsorbed 
was determined by measuring the activity change in-a 0.01 N NaCl solution, removing aliquots before and after 
adsorption. To make the changes of NaCl concentration large, we utilized a porous electrode with a large sur- 
face (about 10* cm?) made of compressed chromium powder [7]. We were able to use a chromium electrode 
instead of one made of stainless steel because, as was previously demonstrated, the passivation of stainless steel 
by SQq ions depends chiefly on the chromium content of the steel. The adsorption was expressed in terms of 
the amount of chloride extracted by a sample from solution. The cathode and the anode compartments of the 


electrolytic cell were separated by a sintered disc to prevent any diffusion of the cathode reaction products to 
the anode. 


The anode compartment was filled with 15 cc of a nonradioactive 0.01 N NaCl solution, into which we 
inserted a chromium electrode; the cathodic polarization was carried out for 30 min at -1.2 v. After that the 
nonradioactive solution was replaced by a radioactive NaCl solution of the same concentration. Equilibrium 
was established by keeping the unpolarized chromium electrode in the radioactive solution for one hour. At 
the end of this time the reversible electrode potential became - 0.14 v. A sample of the solution was removed, 
the electrode potential displaced by 100 mv in the positive direction and maintained there for 30 min; another 
aliquot was removed, the electrode potential increased by another 100 mv, and so on. 


In Fig. 1 we have plotted the amount of chloride adsorbed as a function of the electrode potential; any 
one electrode was used only for four successive measurements. Before each measurement, the electrode was 
subjected to cathodic polarization in a nonradioactive 0.01 N NaCl solution (time 30 min, potential - 1.2 v). 


It is a characteristic feature of these phenomena that, though all the experiments were carried out under 
identical conditions, the amounts of chloride adsorbed were different. In the first experiment, carried out on a 
fresh electrode (after the above-described preliminary treatment), we found that the chloride ions could only 
be adsorbed at large positive potentials (Fig. 1, 1), above + 1.3 v. But when after this experiment the electrode 
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Fig. 1. The adsorption of Cl” ion on one Fig. 2. The adsorption of chloride from 
and the same chromium electrode. 1) Dur- a 0.01 N NaCl solution as a function of 
ing the first measurement; 2) during the time, at g=1.0v. 

second measurement; 3 and 4) during the 

third and fourth measurements. 
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Fig. 3. The adsorption of chloride on chrom- 


ium: 1) From a 0.01 N NaCl solution; 2) chromium: 1) From 0.01 NNaCl; 2) from 


from a solution of 0.01 N NaCl + 0.01 N Na,SQ,; a solution of 0,01N NaCl + 0.002N NaOh, 
3) from a solution of 0.01 N NaCl + 0.1 N NagSQ,. A) Adsorption of Cl X 1076, 


Fig. 4. The adsorption of chloride on 


was subjected anew to cathodic polarization and the experiment repeated in a fresh radioactive NaCl solution, 
the adsorption of Cl” ions was greatly increased and became measurable at + 0.8 v instead of at+ 1.3 v. Thus 
during the first measurement the surface seems to undergo a type of "activation", as if some type of a barrier 
hindering the adsorption of chloride ions on chromium is lowered. The adsorptions observed in the second experi - 
ment are the maximum values for all potentials. During subsequent experiments (Fig. 1, Curves 3 and 4) the 
amount of chloride adsorbed declined. This decline may be explained by the fact that the chloride ions irreversi- 
bly adsorbed during preceding measurements interfere with any further adsorption of Cl~. 


That the chloride ions are adsorbed irreversibly on chromium is directly apparent from the fact that no 
desorption can be achieved even after prolonged cathodic polarization at - 1.2 v. The fact that successive 
data obtained on any one electrode were inconsistent forced us to use a fresh electrode for each measurement; 
every electrode was first "activated" at + 1.3 v for 20 min in a 0.01 N solution of nonradioactive NaCl, then 
subjected to cathodic polarization and the rest of the treatment already described. 


In Fig. 2 we have shown the change in chloride adsorption with time at a constant potential of 1.0 v. 


One can see that the number of anions adsorbed increases steadily for the first 2 hours, then saturation ensues 
and the curve practically levels off. 


Figure 3 shows the amount of chloride ion adsorbed from NaCl solutions containing various concentrations 
of Na,SQ, as a function of the chromium electrode potential. Curve 1 represents the adsorption of Cl~ from 
pure 0.01 N NaCl and coincides with Curve 2 in Fig. 1. Much less chloride is adsorbed from a solution of 0.01 N 
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NaCl + 0.01 N Na,SO, (Fig. 3 Curve 2) than from pure 0.01 N NaCl. Besides, the potential at which chloride 
adsorption becomes noticeable is somewhat displaced in the positive direction. 


When enough NapSQ, is added to satisfy the condition Cya,so, : CNaci = 10, there is no measurable 
chloride adsorption even at high positive potentials (Fig. 3, 3). 


Figure 4 shows the effects of hydroxyl ions on the adsorption of C1~ ions from NaCl solutions. It should 
be noted that OH ~ ions interfere much more effectively with the adsorption of Cl~ ions than do sulfate ions. 
Thus both SO, and OH™ ions can prevent the adsorption of chloride on chromium. At the same time both of 
these ions are known to inhibit the pitting of stainless steel containing alloyed chromium. The obvious con- 
clusion is that the above-mentioned anions hinder the adsorption of chloride ions on the surface of chromium 
or solid Fe + Cr solutions and by the same token suppress the pitting of stainless steel. 


One can therefore conclude that the chemisorption of Cl” on the metal surface constitutes the first step 
in the activation process. If the chemisorption of chloride ions is prevented by adding sufficient amounts of 
extraneous ions, such as SO, or OH", to the NaCl solution, the activating effect of Cl” will be suppressed, and 
consequently the cause of corrosion will be eliminated. 


The irreversible adsorption of chloride ions, demonstrated in our experiments, raises some doubts as to 
the correctness of the hypothesis proposed by certain workers [2] to explain the reactivation of passive metals 
by chloride ions. 


The data presented above are not in variance with the adsorption theory of chloride activity [3, 4]. 
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Natural and synthetic ion emitters are used frequently in mass spectrometry as sources of ionic beams, 
and yet the phenomena accompanying emission are not, as yet,fully understood. It seems that M. A. Eremeev 
and co-workers were the first [1, 2] to attempt an investigation of the thermionic emission mechanism. While 
studying the effects of electrical fields on the emission of alkali ions from aluminosilicates, they found that the 
emitting power did not correspond to the ionic mobility. 


Subsequently we reported [3] on the role of diffusion processes in the emission of cesium ions from alumi - 
nosilicates. We showed that in thin emitter layers (less than 0.1 mm thick), at relatively low temperatures 
(500-800°) and high concentrations, diffusion does not constitute the rate-determining process. In the present 
communication we are presenting the results of some additional work on the mechanism of thermionic emission; 
we studied the interaction between the emitter and the metallic backing (the heater). An aluminosilicate ion- 
exchanger of the composition Al,O, * 4SiO, : XH,O treated with a cesium chloride solution was used as emitter. 
The work was done in a MS-4 model mass spectrometer. We discovered that the emitter failedto emit any ions 
when placed on a platinum backing, whereas the use of tantalum backing resulted in a considerable ionic current 
of Cs*. When however, the platinum backing was used with an emitter to which some tantalum powder had 


previously been added, an ionic current was detected of the same order of magnitude as that obtained with a 
tantalum backing. 


We therefore set up a series of experiments to study the relationship between the ionic current and the 
chemical activity of the powdered metal added to the emitter. Our backing consisted of a platinum ribbon 
which had been washed with ethyl alcohol and water, then baked out in the mass spectrometer until all the 
alkali metal impurities present in platinum were “boiled out". The temperature was measured by welding a 
0.1 mm platinum—platinum -rhodium thermocouple to the heater. The emitter was mixed with the metal powder 
and deposited on the central portion of the backing. The appearance of a cesium ion current was observed at 
about 500°C. In all of the experiments, the work function was checked by the temperature dependence of the 
emission current. The “activation energies* for the emission of Cé turned out to be identical (2.70 4 0.06 ev), 
within the limits of experimental errors. The effects of copper, tungsten, tantalum, zirconium, and aluminum 
powders, and of powdered graphite, on the emission of Cf were studied. It turned out that the ion-current in- 
creased with increasing metal activity. The addition of powdered graphite to an aluminosilicate emitter yielded 
an emission current of the same magnitude as that obtained with tantalum. 


Apparently the emitter and the metal react to give cesium atoms, which are then ionized and emitted. 
The possibility of such a reaction was already pointed out by Kunsman [4]. 


It should be noted that certain platinum samples which had seen previous use (for example, such as have 
been exposed to the flame of a gas burner) contain some impurities (most frequently carbon) which may react 
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with the emitter and yield an appreciable ionic current. 
ar foal We also observed some carburization of platinum while 


working with graphite powder. 


It was very interesting to see how the emitter would 
2 behave at high temperatures when mounted on a platinum 
5 heater to which no metal powders were added. Brief heat- 
yt *w ing at 1500°C yielded an intense C8 current. When the 
temperature was lowered to the normally used value 
@ 60 *0 00 20 m0 (~ 600°C), the ionic current became equal in magnitude 
hmaoe to the Cf current previously obtained with a tantalum 
Fig. 1. The logarithm of the ct tonic backing. There is no doubt that the emission observed 
at lower temperatures after such an activation comes 
AF; from the products formed by a thermal dissociation of 
the emitter. 


It was also interesting to study the effects of oxidizing agents on emission. We used for this purpose a 
tantalum heater (backing) to which a platinum —platinum-rhodium thermocouple was welded. We first deposited 
on the backing an emitter which, when heated, emitted C$ ions (a 1.5 x 107! amp ionic current). After this 
control experiment the old emitter was removed from the backing and replaced by a new one to which manganese 
dioxide (MnO,) had been added. When heated to the same temperature, the new emitter yielded an ionic current 
of Cé, which was only one fortieth the previous current (4 x 10~'* amp) but gradually increased by a factor of 
2.5 (to 10°” amp ) after 20 min. This experiment provides additional evidence that chemical reactions occur 
during emission; the oxidizing agent shifts the reduction equilibrium in the reverse direction, decreasing the 
concentration of cesium ions. The subsequent increase of current seems to be connected with a loss of manganese 
dioxide from the emitting layer. 


To correlate all of our data, it was necessary to compute the free energy for the reaction CsOR + 
+ ; Me ==Cs + . Me,Oy + R, where R is the aluminosilicate lattice. Due to the lack of thermodynamic constants 


for CsOR and R, we failed to obtain a complete set of such calculations. However, for reactions which differ only 


in the chemical nature of Me and MexOy, it is possible to compute AFe with a fair degree of accuracy and avoid 
these difficulties. 


If AF; is represented as: 


AF’ = AFG, + APR +— ~ — AP he, 


then in all of the examined reactions 


AFG, + AFk — AFfsor = AF? 
is a constant. 


In this manner the problem is substantially simplified and is reduced to the determination of 
1 
AF? — AF ,0, AFS.. 
The AF; was calculated for the following reactions: 
Cu Cu,0; Wwo;; Ta— Ta,O,; Al Al,Q,; ZrOy. 


We used in our calculations the thermodynamic constants listed in [5]. 
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In Fig. 1 we have plotted the logarithm of the ionic current observed by us at 655° as a function of AF}. 
It is quite clear that the logarithm is a linear function of AFf; consequently, the ionic current must be a linear 
function of the equilibrium constant for the corresponding reaction, which proves that the indicated reactions 
really take place. 


Thus, on the basis of the experimental data presented above, one can assert that at relatively low tem- 
peratures, high cesium concentrations, and thin emitter layers, the emission is primarily controlled by the 
formation of cesium atoms in a chemical reaction with the backing and their subsequent ionization from the 
surface. 


The authors wish to express their deep gratitude to Z. F. Kolchina for the assistance rendered during this 
work, 
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V. 1. Spitsyn and I, E. Mikhailenko already proved [1, 2] that the specific Pe aia: of potassium 


sulfate containing S*® greatly influences the isotopic exchange of sulfur in the K,S0, (s)~5Oacgy system at 840°C. 
It was therefore important to find out what role radiation effects induced in the gas + Re on he surface of the 
exchanging salt by 6 -radiation play in the exchange. With this in mind, we studied the isotopic exchange at 

a low potassium sulfate activity but under conditions where the labelled K,SQ, sample and the SO, vapor were 
exposed to external radiation in the form of an electron beam from a betatron, which was so designed as to 
permit the bombardment of an outside target by the electrons [3]. A schematic representation of the apparatus 
used by us is shown in Fig. 1. 


The apparatus was set up on a movable stand and placed, together with the betatron, in an insulated com- 
partment which had concrete walls to provide radiation shielding. A special panel was used for the remote 
control of all instruments. The required amount of SO, was distilled out of 60% oleum into a calibrated test 
tube before the experiment. The current of dry air circulating through the apparatus and later used to carry 
SOs vapor was turned on beforebeginning the experiment. The sulfur trioxide was evaporated evenly and at a 
fixed rate by sliding a movable heater automatically down the calibrated test tube. The working tube and the 


dish used for weighing the K,50, were bothmade of quartz. The heating element in the oven consisted of a thin 
nichrome tape wrapped around the quartz reaction tube. Using a remote automatic control system [4], we 
maintained the experimental temperature constant to within + 3°C. Through the mantle and the asbestos 
thermal insulator around the oven, we cut a narrow slit (9x 70 mm) which exposed the quartz tube and the dish 
inside to a 5 Mev electron beam. The stability of the betraton beam was controlled by means of an ionization 
chamber—recorder. The experiment was followed visually on a television attachment. 


The K,80, sample used for the investigation of isotopic exchange had a specific activity of 4.6 x 107 
mC/g. The experimental conditions were similar to those described before[1]. Two modifications of electron 


x 
bombardment were used: 1) the K,SQ, and the surrounding gas irradiated simultaneously, and 2) only the gas 
irradiated before entering the oven (18 cm long working quartz tube). In the latter case the slit was covered 
with a lead shield. 


The radiation dosage received by the potassium sulfate was determined by means of ferrous sulfate 
dosimetry. We used a 2.3 x 107° M solution of Mohr salt in 0.8 N H,SQ,; the Fe*** concentration was deter- 


mined spectrophotometrically from the absorption at 304my. The volume of the dosimetric solution poured 
into the quartz dish was close to that occupied by potassium sulfate. 
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Fig. 1. Schematic representation of the apparatus used for the 
study of the high temperature isotopic exchange under electron 
bombardment. 1) Round-bottom flask containing the oleum; 

2) condenser; 3) receiver for SOs; 4, 5, and 7) three-way stop- 
cocks; 6) two-way stopcock; 8) calibrated test tube; 9) quartz 
reaction tube; 10) millivolt meter with a platinum—platinum - 
rhodium thermocouple; 11) lead shield; 12) asbestos thermal 
insulator; 13) quartz dish; 14) oven slit; 15) heating element; 
16) reducing gear; 17) Warren motor; 18, 19, 20, 21, and 22) 
wash bottles containing concentrated H,SQ,4; 23) betatron 
chamber. 


TABLE 1 


Calculated Examples of Electron Radiation Dosages Absorbed by Potassium Sulfate and 
the Gas Involved in Exchange (a mixture of air and SO, vapor, PgQ, = 19 mm). 


The dosage re- Material investigated 

ceived by the 

ferrous sulfate irradiated|by a so, 

compounds /cm sa an 

10 min, ev/ml P 8 1 mple stationary air-stream 


SOs 


1,13 8,6 


2,8- 4018 
3,6-10-| 4 


0,35 
14 


4,7-10% 1,1-10"8 


The dosage absorbed by the gas was determined by replacing the working tube with a special cell in which 
the experimental conditions were reproduced. In our calculations we assumed that the scattering and secondary 
adsorption of electrons by the dosimetric solution were no different from the same phenomena in the case of 
solid potassium sulfate or gaseous SO;, and we also neglected any possible energy exchange between air and 
SO 3. In determining the integral dosage absorbed by the irradiated samples, we allowed for their specific 
gravities and volumes, as well as for the ratios of their electron densities to that of water D./ D.(H,O). The 
calculated dosages are presented in Table 1. 


The isotopic exchange was studied at various dose intensities with 4 to 12 experiments per dosage. In no 
case was any radiochemical decomposition of potassium sulfate detected. 
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TABLE 2 


Changes in the Activity of K,SO, Observed During the Investigation of the Isotopic Sulfur 
Exchange in the K,SOQ,—SO System Exposed to Electron Bombardment (0.58 g of SOx passed 
through) 


Dosageres | w Weight & | K,SO, activity | Percent 
ceived in| | difference |_after the expt. | exchange 
10 min, | in of 
83 | & aver- 
3% 8 » | initial] % | age 
| BM B88 min 
1,1-40!7 [Salt |0,3506/0.3513) +-0.0007 | +0.2 | 1043-10 | 7610-10? | 72.9 | 34.6 
nd 0.39500 .3959| +-0.0009 | +-0.2 | 1176-108 | 8628.10? | 73.4 | 33.2 | 33,6 
apor |0,3474|0.3470} —0.0004 | —0.1 | 1034-108 | 7518-10? | 72.7 | 32.7 
0 ,3575|0 ,3582| -+-0.0007 | +-0.2 | 1064-108 | 7839-10? | 73.7 | 33.8 
4,06-1018| Vapor |0,3845/0.3849] +-0.0004 | +0.1 | 1481-108 | 1277-10 | 86.3 | 18.0 
0.4326)0 , 4330] +-0.0004 | +-0.4 | 1668-108 | 1407-10° | 84.3 | 21.0 
0.4503}0 4508] +-0.0005 | +0.4 | 1736-10% | 1447-10 | 83.4 | 22.6 | 20,5 
0.3724/0.3728) +-0,0004 | +-0.1 | 1437-108 | 1208.10 | 84.2 | 20.5 


TABLE 3 
The Effects of Electron Bombardment on the Percent Isotopic Exchange in the 


x 
K,SO4—SO System (temperature 840°, length of experiment 10 min, K,80, 
weights 0.35-0.45, SO, 0.58 g, gas stream velocity 37 liters/hr, PSO 19 mm) 


Dose intens- 

Expt. ity recorded Dosage te- | Materials | 
$ ly on, ‘110 min, ev 8 xp. | average 
Without 

4 bombard - 
| |salt and vapor | 4 14°7 
3 4,3-1014 2,8-10'* | Salt and vapor 12 28,7 
4 5,4-10% | 1,1-10!7 |Salt and vapor | 10 33,7 
5 379-10'8 | 44-4018 | Vapor 4 
6 7,4-1018 2,1-10!8 | Vapor 8 20,3 


In Table 2 we have presented some examples of potassium sulfate activity changes observed during the 
investigation of isotopic exchange under bombardment. The averaged results of all the experiments are compiled 
in Table 3, 


The data presented above indicate that the bombardment of the solid phase in the K,SO,—SOg system by 
electrons has practically no effect on the exchange rate when the dosage is of the order of 10° ev/10 min. 
When the radiation dosage is increased to 10'®-10!” ev, the percent exchange increases and becomes directly 
proportional to the logarithm of the dosage (Fig. 2). 


It should be noted that the equivalent 8 -radiation from the samples of radioactive KySO, has a much 
greater effect on the exchange rate. For example, an electron radiation dosage of 3.4 x 10 ev/10 min 
received by solid potassium sulfate (Table 3, 2nd set of experiments) would correspond to a specific radioactivity 
of 2.3 mC /g (in these calculations we considered the number of 8 -particles emitted by the sample during 
10 min; effects accumulated before the start of the experiment [5] were not considered). The above-mentioned 


radioactive sample underwent a 66.9% exchange [2] and was exchanging 2.5-3 times faster than K,9Q of low 
activity. Under similar conditions no such effect was observed when an equivalent external radiation source 
was used. 
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Fig. 2. The percent exchange of sulfur 


% Exchange ——= 
8 


in the Kp0us)—SOx(g) system as a func- 
tion of the integral dosage received from 
the electron beam (within 10 min). 


It seems that the electrons bombarding the surface 
of the labelled potassium sulfate excite the SO, ions 
and individual atoms in the existing active exchange 
centers. 


SO; vapor also becomes activated by electron radia - 
tion (Table 3, 5th and 6th set of experiments). Here evi- 
dently SO, and SO, ions of different charges are formed. 
However, these effects are relatively weak: the exchange 
is increased by bombardment by about 40%, but, within 
the range of radiation dosages 1-2 x 10'* ev/10 min, it 
remains practically constant. 
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A large number of papers have been devoted to the problem of the initiation of detonation in rough tubes 
[1-5], These works have examined problems regarding the reasons for flame acceleration, the specific mechan- 
ism of the acceleration, and the influence of various factors (the degree of roughness, composition of the mix- 
ture, and initial pressure) on the initiation of detonation. 


The aim of the present work was to study the mechanism of combustion and to examine the structure of 
accelerating flames in the predetonation period in rough tube conditions, in which the mechanism of detonation 
propagation involves adiabatic ignition of the gas from compression in the detonation wave. 


In our experiments we used a half-closed tube of length 900 mm, with hydraulic resistance d = 0.08. 
The roughness was produced by sticking brass turnings, of average size 2 x 1.5 x 0.5 mm, to two opposite sides 
of the 20 x 20 mm square channel. The two other sides of the channel consisted of the smooth surfaces of op- 
tical glasses, through which half-shadow still photographs were taken on a moving film to produce a relative 
section of the moving flames and shock waves. The combustion mixture (H, + air, normal and enriched with 


oxygen up to 28.7%) was fed into the closed end of the tube and ignited there by means of a weak electric 
spark. 


The experiments gave a picture of the development of combustion in the predetonation period and showed 
that it is possible to distinguish three successive stages in this process. 


The first stage is the short-lived propagation of the laminar flame after ignition of the mixture. In the 
second stage the combustion takes place in a turbulent stream, and the flame front is greatly distorted and 
drawn slightly forward. The source of ignition of the mixture in this case is provided by the flame centers which 
move furthest forward. In these stages the flames are analogous to the flames in smooth tubes: photographs of 
the latter may be found in many works, for example in [6, 7]. The third stage of predetonation combustion 
begins when the shock wave (Fig. 1) formed in front of the accelerating turbulent flame reaches a definite 
intensity. In this stage combustion proceeds in a complex formed by the shock wave and the turbulent flame. 
Ignition of the mixture now takes place at the rough walls close to the wave front. The flame is propagated 
from the walls to the center of the tube, producing a conical forward surface behind which lies the turbulent 
combustion zone in the form of a burning coil.* 


Figure 2 gives nine stills showing the propagation of combustion on going from the second stage to the 
third. The first four stills from the left show the propagation of the turbulent wave, with a slight hemispherical 


*An analogous combustion mechanism has been considered for the case of detonation in rough tubes by Ya. 
B. Zel'dovich [8] and for smooth tubes by M. A. Rivin [9]. 
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Fig. 2. The production of a combustion mechanism involving igni- 
tion at the tube walls in a mixture of 25% Hy + 21.5% O, + 53.5% No. 


surface following the shock wave. The fifth and subsequent stills show the combustion in the third stage in the 
form of the complex, with ignition at the rough walls. 


The further development of the complex is characterized by an increase in its velocity and an increase 
in the length of the burning coil, which in some cases exceeds the tube diameter by a factor of 5 or more. 


The combustion of the compressed gas takes place under conditions of a turbulent boundary layer and a 
system of waves reflected from the roughness on the walls. Under these conditions the long coil of the complex 
is unstable and undergoes a marked rotational and vibrational motion: when the complex exists for a prolonged 
period, this motion leads to breakdown of the coil into sections and to a decrease in the length of the complex 
to 1.5-2 times the diameter of the tube. Acceleration and development of the complex is completed by initia - 


tion of detonation of the front of the shock wave. The mixture in the complex gradually burns up behind its 
front. 


Measurements were made of the velocity of the shock wave at which the complex is formed in mixtures 
of different composition. The results of the measurements are given in the table, 


The formation of the complex takes place after not more than 30-50 y sec. At this moment the flame 
is situated at a distance of 0,5-3 tube diametersfrom the wave front. No significant part appears to be played, 


Fig. 1. Shock wave in front of the turbulent wave front in a rough tube. 


Mixture Mixture 
D, m/sec D, m/sec 

Ha, % O:, % Noa Hy, % % Na, % 

24,75 22,45 55,8 890 40 47,2 42,8 1065 
22,7 22,2 55,4 925 44,25 46 39,75 1066 
24,25 21,73 54,02 930 45,85 15,53 38,62 4090 
25 21,5. | 53,5 935 50,6 14,18 35,22 41152 
30,8 19,88 49,32 990 54,15 13,15 32,7 1380 


however, by the diffusion and thermal effect of the flame on the ignition of the mixture. This is confirmed by 
experiments in which a complex analogous to that in the predetonation period is produced when an artificial 
shock wave of the appropriate intensity passes from a smooth tube to a rough tube. 


In conclusion it should be noted that the mechanism of predetonation propagation of flame under consider- 
ation is typicalof tubes with a wide range of degrees of roughness, although each case has its own characteristic 
features. 
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A large number of studies have been devoted to the radiolysis of normal hydrocarbons [1-3]. The litera - 
ture does not, however, contain any systematic examination of the vields of different radiolysis products over 
a wide dose range. The present work deals with this question. The radiation sources used, the method of filling 
and closing the ampoules with the hydrocarbon to be irradiated, the purification and degree of purity of the test 
substance (heptane), and the dosimetry have been described earlier [1]. The present study was carried out at 
a temperature of 300° K in the dose range 0.25-28 * 107! ev. 


Figure 1 shows the yields of hydrogen, methane, and C,-C, fraction; the yields of H, and CH, were de- 
termined by the method described earlier [1], and the method for the determination of the C,-C, yields is de- 
scribed below. In order to reveal the nonlinearity range more clearly, the initial linear sections of the curves 


have been produced (dotted lines). The deviation from linearity for H, and CH, starts close to a dose of 
10-12 - 10" ev. 


The composition of the C,-Cg, fraction in the products of heptane radiolysis was studied by gas—liquid 
chromatography. In order to increase the sensitivity and resolving power of the chromatograph for the analysis 
of the products of hydrocarbon radiolysis, we did not use the methods employed by other authors [3-5] but em- 
ployed a stepwise arrangement involving the use of two chromatographic assemblies. In the first apparatus 
(stationary liquid phase—a methylphenylpolysiloxane oil), the C.-C, fraction was separated from the higher 
radiolysis products and unreacted heptane. A detailed analysis of this fraction was carried out on the second 
apparatus, by the method described in [5], at 0°. The stepwise arrangement enables a detailed chromatographic 
analysis of the products of hydrocarbon radiolysis to be carried out after irradiation by relatively small doses. 
The sensitivity of the apparatus is ~ 1-10~* ml gas (carrier gas—helium). The reproducibility of the measure - 
ments is + 5%. The calibration constant‘for quantitative analysis was determined with an error of + 10%, 


Since all the available literature data [2, 3] on the composition of the gaseous products of hydrocarbon 
radiolysis were obtained by removing a sample of the irradiated product for subsequent analysis by one of various 
methods, and since this introduces the possibility of errors in the determination of the composition of the gas, as 
a result of the actual sampling process, as has already been shown [6], we carried out our experiments by irradiat- 
ing the heptane in special small ampoules, the entire contents of which were then transferred to the gas—liquid 
chromatography apparatus by breaking the ampoules in a special inlet arrangement on the chromatograph. The 
data obtained are given in the table and are free from any errors associated with the removal of samples. These 
data relate to comparatively small integral radiation doses. In the other experiments the C,-Cg fraction was 
removed by the method described in [6]. 
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mole /liter - 10? 


Yield of hydrogen(1) and C,-C3(3) 
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Fig. 1. Relationship between the yield of hydrogen 
(1), methane (2) and C,-Cg, hydrocarbons (3) and 
the absorbed energy. 
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Fig. 3. Relationship between the yield of unsatu- 
rated (1) and saturated (2) C.-C, hydrocarbons 
and the absorbed energy. 


gases to sat.C2-Cg) 


Ratio of unsat, 


Fig. 2. A) The relationship between the ratio 
of unsaturated gases to saturated gases in the 
C,-C, fraction and the absorbed energy. B) the 
relationship between the ratio of unsaturated: 
hydrocarbons to the “complementary” saturated 
hydrocarbons and the energy absorbed: 1) 
2a) CgHe/ 2b) CgHg/CoHg. 


Figure 1, Curve 3, shows the yield kinetics for 
the products of the C,-C, fraction. The deviation 
from linearity takes place at doses of the same order 
of magnitude as in the case of H,. Examination of 
the ratio of unsaturated and saturated hydrocarbons in 
the C,-C; fraction (Fig. 2) shows that, in the dose range 
0.25-10 * 10 ev, the percentage of unsaturated hydro- 
carbons falls from ~ 35% to ~ 8%; this takes place as 
a result of the marked nonlinearity of the yield of un- 
saturated gases, which starts even at very low doses 
(Fig. 3). 


It may be assumed that the formation of light 
hydrocarbons takes place by breakdown of the molecule 
of the original hydrocarbon to form two radicals, ac- 
cording to reaction (1), with the subsequent formation 
of saturated hydrocarbons from these radicals by recom- 
bination with H atoms or with other radicals, or by 
breakdown of the molecule into saturated and unsaturated 
fragments according to reaction (2): 


+ RmH gm: (2) 


mole /liter a3 
/ 
/ 
/ 
° 
4 § B 
| 
o 
E 
2 ° x 
0 ev 0 20:10" ey 
Dose Dose 
mole /liter 
05 
04 
le/liter 
Dose ———~ 
4 210 


Dose 0.5 10% ev/ml Dose 1.18 - 104 ev/ml 
yield, |quantity ifference yield, Lqesantey difference 


—[CmHem]. 
n+m=7, 


-4 2] — 
Dose  |in C)-Cs 10 
nole/lite: mole on, 


Ethane 1 14,3 5,98 14,4 

Pentene 0,94 
Pertane 

Ethylene 16,2 ‘ 

rage 

| 


Propane 15,0 49,3 
Butylene ’ 


Butane 17,4 
Propylene 0 


Total 13,34 100,0 


The formation of unsaturated gases at room temperature can obviously only take place according to 
Equation (2); the other suggested mechanism for their formation, by breakdown of alkyl radicals or their dispro- 
portionation, is less probable, since these reactions have a high activation barrier. Judging from the fact that 
at low doses, when the secondary processes play a smaller part, the ratio of unsaturated gases to saturated gases 
amounts to 0.35 (and is probably even higher at still smaller doses), it may be assumed that rupture of the C-C 
bond in the original hydrocarbon according to reaction (2) is at any rate not less probable than rupture according 
to reaction (1). If the probability of radicals produced according to reaction (1) recombining with other radicals 
is dependent only on their concentration, then the “complementary” saturated hydrocarbons formed in the process 
(C, and Cg, C3 and C,) should be obtained in equivalent quantities. Consequently, since reaction (2) also produces 
saturated hydrocarbons in quantities equivalent to the complementary unsaturated hydrocarbons, we should observe 
the following relationship: 


[CoH] — [CsHi0] = [CsHi2] — [C2Ha}; [CsHs] — [CaHs] = |CgHi0] — [CoH]. 


The corresponding differences are given in Table 1. Analysis of the data in Table 1 shows that relation- 
ship (3) applies, and this provides significant confirmation for the suggested scheme. The nonlinearity of the 
yield of unsaturated hydrocarbons even at low doses may be explained by the fact that, since the concentration 
of unsaturated compounds very quickly starts to become equal to and even greater than the stationary concentra - 
tion of radicals, the following reaction with H (or other radicals) becomes possible. 


+H- (4) 


since the unsaturated gases still make up the greater part of the gases dissolved in the liquid phase. This reac- 
tion competes with the reaction involving recombination of H atoms with one another and with the radicals. 
The consumption of atomic hydrogen according to Equation (4) should lead to a breakdown of linearity in the 
yield of molecular hydrogen, but, since the absolute quantities of unsaturated compounds is much less than the 
quantity of H, in practice we observed linearity for the yield of hydrogen up to 1 + 10” ev, although, strictly 
speaking, nonlinearity (i.e. the existence of secondary reactions) for all products should obviously start almost 
from the start of the irradiation. The observed region of nonlinearity for the yields is approximate, is deter- 
mined by the sensitivity of the analytical methods, and is significant only for the estimation of the dose range 
in which it is possible to make a reasonable determination of the radiation—chemical yields of the radiolysis 


products; the observed nonlinearity of the curves in Fig. 1 probably results from the protective action of the 
unsaturated compounds. 
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Fig. 4. Relationship between the yield of liquid unsatu- 
rated hydrocarbons and the absorbed energy: 1) olefins 
(total) from infrared spectral data (1a) and from the 
bromine numbers (1b); 2)trans-olefins; 3) dienes; 4) a- 
olefins; 5) vinylidene structures. 


The radiation yields calculated from the linear sections of the curves for the radiolysis of heptane are 
(in molecules/ 100 ev): H, 4.5, CH, 0.2, saturated C.-C, hydrocarbons 1.6, unsaturated C,-C, hydrocarbons 


(calculated from the slope of the tangent at the start of the curve) ~ 0.4, and liquid unsaturated compounds 
2.0. 


Figure 4 shows how the yield of various liquid olefins and dienes varies with the dose. The different 
structures of the olefins were identified and the amounts determined from the infrared absorption spectra, using 
an IKS-14 spectrophotometer with NaCl prism. The spectra were recorded for a layer thickness of 0.1 mm. 

The greatest yield is shown by trans-olefins(v= 865 cm’, E = 105), and much lower yields are shown by a- 
olefins ( v = 0.912 cm™!, E = 125) and vinylidene structures (v = 889 cm~!,E= 140), The relative error in the 
determination of the olefins of each structure does not exceed + 8%. The olefin content obtained by taking 

the sum of the concentrations of these structures shows good agreement with data obtained in the determination 
of the olefins by the bromine method. The concentration of dienes was determined from the absorption spectra 
with an ISP-28 spectrograph using a photographic method in the 2300 A range. The molar extinction coefficient 


was determined using heptadiene and found to be equal to 10°. The deviation from linearity for the formation 
of olefins takes place at doses of 10-12 - 10” ev (Fig. 4), as on the curve for Hp. 


It is interesting to note that ~ 20% of the liquid unsaturated compounds (even at doses of only ~ 1‘ 10” 
ev) consists of heavy unsaturated compounds (with more than 10 carbon atoms) [7]. 
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As is well known, the adsorption and energy relationships on surface elements of silica depend consider- 
able on the degree of hydration, which in turn depends on the chemical and structural crystal surface properties. 
In most cases where adsorption on the surface of quartz was studied, the nature and structure of the surface as 
well as its effect on adsorption have not been examined very closely. The available literature data show large 
discrepancies between the reported degree of hydration and individual adsorption isotherms; these differences 
were either attributed to the presence of clay impurities [1] or to the existence of submicroscopic cracks in 
individual quartz crystals [2], It was also shown [3] that a possible cause for these discrepancies might be found 
in the aggregation of quartz particles after dry milling. The fact that all of the papers dealing with the adsorp- 
tion and degree of hydration of quartz surfaces fail to describe the milling procedure used (which applies to [2] 
also) and also fail to take into account any possible effects of particle aggregation, renders the interpretation and 
comparison of the available experimental data extremely difficult. The relationship between the degree of 
hydration and the structural characteristics of the surface layer in highly dispersed quartz still constitutes only 
a partially solved problem. 


In the present work we undertook a thorough investigation of water vapor adsorption (since the adsorption 
of water is very sensitive to surface conditions [4]) and the degree of surface hydration in quartz powders of 
various grain sizes, all prepared by milling the same original sample. To eliminate any aggregation effects 
[3], we prepared all our powders by milling clear crystalline quartz in a steel vibration mill in the presence of 
excess water. The sample with the coarsest grain (Q-6) was prepared by grinding the quartz in a mortar, also 
in the presence of a large amount of water. The powders obtained under various milling conditions were rendered 
free of iron impurities in the manner already described [3]. The adsorption of water vapor and nitrogen as well 
as the determination of structural water were carried out in an analytical-gas apparatus. The experimental data 
we presented in Table 1 and Fig. 1. 


As can be seen in Fig. 1, the initial isotherms of all the samples fired at 200°C begin high above the cor- 
responding reversible isotherms, which were obtained after a prolonged exposure of all the samples to water vapor 
at 20° and at p/p, = 1. This is probably due to the fact that the reversible adsorption of water vapor gives off 
much less energy on such samples than fresh ones fired at 200°C [5]. When the vapor is pumped off at low tem- 
peratures, the large number of silanol groups present on the surface give rise to hydrogen bonding between neigh- 
boring groups and decrease the adsorption energy [5].* The reversible adsorption on quartz (Table 1) is much 


*Besides, when silica is processed at low temperatures, some water of crystallization may remain on the 
surface [6]. 
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greater than on silica gels which had been fired at the 


uM/m? ‘ 
same temperatures [4]. Table 1 and Fig. 1 show that 
5 A various samples, though processed in the same way, still 
exhibited various degrees of surface hydration and differ- 
0 ent specific adsorption, particularly in the initial portions 
f of their isotherms. The difference between the degrees 
5 of hydration and the specific adsorptions can not in this 


case be attributed to different origins of the various sam- 
ples or to any possible aggregation effects (as was done in 
{1,2]) but seems to be connected with differences in the 
surface structures of the samples under investigation. 


A detailed determination of the degree of surface 
hydration has previously been made from an analysis of 
the crystallographic planes in single quartz crystals [7]. 
It was also pointed out [7] that these calculations could 
not be extended readily to quartz powder since the dis- 
tribution of surfaces among the crystallographic planes 
was not known. The results would only provide the upper 
and lower limits (in the absence of thermal treatment) 


Fig. 1. The initial (A) and reversible for the degree of surface hydration on powdered quartz. 
(B) adsorption isotherms of water vapor Attempts to improve these data [1, 8] by assuming a 
on quartz: 1) Q-3; 2) Q-5; 3) Q-4; certain probable distribution of particle surfaces among 
4) Q-6. the crystallographic planes yielded a certain limiting 


degree of hydration, which according to [8] was valid, 
not only for quartz surfaces, but also the surfaces of other silica modifications, such as silica gel. Similarly, | 
the degree of hydration and consequently the structure of the surface were assumed to be entirely independent 
of several factors determined by the “past history” of a sample. 


According to current ideas [9] a crystal surface cannot, even in principle, be regarded as a static struc - 
ture. By starting from conditions which would provide the optimum screening for the Si**** ion, Weyl [9, 10] 
showed that one of the ways in which a crystal might decrease its surface energy involves a breakup of its 
lattice so as to improve the cation screening; in the case of silica, the SiO, tetrahedra present at the surface 
would rearrange in such a manner that only oxygen atoms would be exposed at the surface. The mechanical 
agitation accompanying the pulverization of quartz crystals gives rise to an amorphous layer at the surface 
resembling Beilby's layers.* The existence of such a layer at the surface of pulverized quartz was confirmed 
by several methods, including: x-ray and electron diffraction, differential thermal analysis, infrared spectro - 
scopy. and solubility measurements [12-14]. The milling of quartz changes the packing of the SiO, tetrahedra 
at the surface. The polymorphic transitions observed in crystalline silica at relatively low temperatures, 
117-250° (y += § tridymite, a <= 8 -crystobalite), provide some indication of the relatively large mobility 
of the SiO, tetrahedra in the solid phase. One may assume that the rearrangement of the SiO, tetrahedra at the 


Adsorption and Structural Characteristics of the Samples 


Firing |Specific |Particle morphous| Amorphous [Irreversible 
Sample | temp., |surface, |diameter{dration, hase con-| layer , dsorption, 
‘c u M/m? nt,% |width,A 
Q-3 200 5,8 0,7 
300 50,8 44 5.3. 50 45 
Q-4 200 6,7 0,9 
300 53,0 43 5.4 45 39 p 
1Q-5 200 9,9 1,7 
300 31,7 72 14 28 40 
Q-6 200 12,4 - 


*In 1921 Beilby [11] detected some disintegration of crystals during the polishing of metallic surfaces. 
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Fig. 2. Solubility (1), amorphous phase content (2), 
and the specific surface (3) of quartz as a function 
of the milling time in the vibrational mill. 


surface will be facilitated by the fact that the tetrahedra are only linked by a single bond to the interior of the 
solid. Our observations failed to detect any crystalline modifications of SiO, in the surface layers of milled 
quartz; the same fact was noted in [12]. The amorphous layer has a density lower than that of crystalline 
a-quartz but higher than that of fused quartz. 


The amorphous layer fraction in the quartz samples studied by us was determined by means of a differ- 
ential thermal analysis [12]; from the heat of transition « ++ g, we calculated the percentage of crystalline 
quartz capable of undergoing this transition. The experimental data and the calculated widths of the amorphous 
layer are presented in Table 1. To elucidate the factors responsible for the formation of amorphous layers of 
quartz, we set up special experiments. Fig. 2 shows that the amorphous phase content and the specific surface 
of quartz increase on prolonged milling. At the same time the width of the amorphous layer changes very little. 
Prolonged grinding in a mortar yielded sample Q-6 (Table 1) which had a small specific surface but a thick 
amorphous layer (apparently in this case most of the mechanical work went not into cleaving the crystals but 
into deforming them). The disorganization of a lattice increases its free energy. A study of the equilibrium 
solubility (Fig. 2) shows that the concentration of SiO, in solution increases when the milling time and the 
amorphous phase content are increased. 


The degree of surface hydration depends on the number of free corners presented by the SiO, tetrahedra 
at the surface and consequently on the ionic packing. It is therefore obvious that even under identical prepara- 
tory conditions the degrees of hydration on various silica surfaces can not be the same but will be determined 
essentially by the structures of these surfaces. According to Table 1, samples with smaller specific surfaces 
exhibit greater surface hydration. Consequently the adsorptivity per unit of surface slightly increases when the 
grain size of silica is increased. Since, according to the data given in [15], the surface energy of a siloxane 
surface is 259 ergs/cm? while that of a silanol surface 129 ergs/cm’, the specific surface energy of a partially 
hydrated silica should increase when the degree of surface hydration is decreased. Table 1 and the data obtained 
on silica gels [16] indicate that specific surface energy tends to increase with decreasing grain-size and conse- 
quently with decreasing degree of surface hydration. These data confirm Weyl's theory [9, 10], according to 
which very small crystals should exhibit increased specific surface energy. In the case of semiconductors, it 
was conclusively proved [17] that adsorption properties depend on the degree of dispersion of the adsorbent. 


Previous results [2, 18] which indicated that silica gel and crystalline quartz have identical adsorption 
properties and exhibit the same maximum hydration are in conflict with our results. S. P. Zhdanov [2] based 
his earlier conclusions on the fact that the “absolute” adsorption isotherms of water vapor on quartz and silica 
gel coincide. In his calculations the author used specific surfaces calculated from the same isotherms for which 
he later constructed the “absolute” isotherm. It was later shown [19] that the BET treatment will not distinguish 
isotherms with similar values of C since any fine differences between the surfaces are automatically compensated 
by the value of C, When the “absolute™ isotherms on hydrated and methylated silica gels are calculated by this 
method, the curves coincide since the distinction between these surfaces is very fine [20]. Therefore, the earlier 
data [2, 18] cannot be used as evidence for the theory that the surfaces of different silica samples are hydrated 
to the same extent and are consequently in the same physical state. 
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The equation for the maximum current of an irreversible polarographic wave given by Delahay [1], 


Ip = 3,01 -108n 


reflects the fact that the current is a diffusion current. It relates the current to the diffusion coefficient D and 
the rate of change of potential y. Here and subsequently the following symbols are used: Cy is the concentra - 
tion of original substance in the bulk of the solution (mole/ ml); C(0, t) is the concentration close to the elec- 
trode at time t after the start of electrolysis; E is the potential of the electrode relative to the normal hydrogen 
electrode (v); E, is the potential of the peak; I is the current of the electrochemical reaction (amp); I, is the 
current of the peak; kg is the rate constant related to the potential of the normal hydrogen electrode (cm/sec); 
m, p and y are auxiliary variables, pn is the number of electrons in the reaction; q = vnF/RT; S is the electrode 
area (cm’); x is the distance from the electrode (cm); F is the Faraday; R is the gas constant; T is the tempera - 
ture (°K); a is the barrier coefficient; on corresponds to the rate-determining state; 6 is the arbitrary unit of 
measurement of the quantity m; and g (t) = gC(0, t)/ax. 


Below we derive a simple equation expressing the maximum current in terms of the rate constant and the 
potential of the peak, which is always known from the oscillogram. At the same time the equation will not 
contain the rate of change of the potential or the diffusion coefficient, which are often unknown. The deriva- 
tion is based on the statement that the ratio of the concentration of reacting substance in the layer next to the 
electrode, to its concentration in the mass of the solution is constant for the point of the peak and equal to 
0,230. It is independent of D, v and the other quantities. In order to show this, it is convenient to convert the 
integral relationship between the concentration and its gradient at the electrode boundary [2] 


C(0, t) =Cy — 


to the dimensionless form. Substituting 


t= 8m/q, t= 


oe 

aS 

(2) a 
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and then dividing by C,, we have 


dp 
(3) 


If the substance is supplied to the electrode by diffusion alone, then for the irreversible reaction 


I nF 
= = Delt) =C(0, t) koexp|—a E]. (4) 


Obtaining from this an expression for C(0, t) and substituting it in (1), we obtain an expression for ¢ (t) 


Do (t) = ky exp (—a |. (5) 


Substitution from (2) converts it into an equation for y (6 m) 


(6) 


For a potential changing linearly with time, E = E - vt, the factor in front of the square brackets in (6) is 
converted to the form exp (6 m-a), where 


= anFE/RT Drq — In kp. (7) 


With these symbols 


(5m) = exp (sm. —o)|I 


(8) 


At the start (t = 0, m= 0), the current and the quantity y proportional to it are practically equal to zero. 
From (8) it follows that 


0) =e —oe-%), (9) 


i.e., » (+ 0) differs from e~? by a small quantity one order of magnitude higher than e~?, and thus, for small 
values of e~9, they may be taken as equal. The possibility of choosing g according to (9) avoids the necessity 
of calculating it according to Formula (7). In the calculations it is possible to define o in such a way that 

(+ 0) is equal to a given small quantity, for example 107°. The latter is chosen to be commensurable with 
the permissible error. The arbitrariness in the choice of 9 within the limits indicated does not change the func- 
tion y (6 m) significantly and only changes the distance between the start of the reading of the amplitude and 
the value of it at which the maximum of the function is reached. 


Thus y (6 m) and consequently the integral 


3\ 0 
Vm—» (10) 


are independent of the experimental parameters and the substance. Now, however, the concentration ratio 


C(0, #) 
Co 
+ 
280 


T 
0 14,0000 0,0000 | 0,0000 18 0,9329 0,0671 | 0,0374 
1 0, 9995 0,0005 | 0,0008 19 0,9165 0, 0,0459 
2 0,9989 0,0011 | 0,0010 20 0,8977 0,1023 | 0,0566 
3 0,9984 0,0016 | 0,0013 241 0,8720 0,1280 | 0,0693 
4 0,9978 0,0022 | 0,0016 22 0, 8427 0, 1573 
5 0,9970 0,0030 | 0,0020 23 0, 8078 0,1922 | 0,1017 
6 0, 9960 0,0040 | 0,0025 24 0, 7667 0,2333 | (@,1215 
7 0,9949 0,0051 | 0,0031 25 0,7192 0,2808 | 0,1435 
8 0,9934 0,0066 | 0,0040 26 0,6654 0,3346 | 0,1674 
9 0, 9916 0,0084 | 0,0050 27 0, 6057 0,3943 | 0,1915 
10 0,9893 0,0107 | 0,0062 28 0,5412 0,4588 | 0,2155 
11 0, 9864 0,0136 | 0,0078 29 0, 4738 0,5262 | 0,2375 
12 0, 9828 0,0172 | 0,0098 30 0, 4057 0,5943 | 0,2560 
13 0,9783 0,0217 | 0,0123 31 0,3394 0,6606 | 0,2697 
14 0,9727 0,0273 | 0,0154 32 0,2777 0,7223 | 0,2777 
15 0, 9657 ,0343 | 0,0192 33 0, 2223 0,7777 | 0,2800 
16 0,9570 0,0430 | 0,0240 34 0,1747 0,8253 | 0,2771 
17 0, 9462 0,0538 | 0,0299 35 0, 1364 0,8636 | 0,2723 


*The arbitrary unit of the argument AE = 0.2303 = ~ v. At 25°, AE = 0,00591/on. 


defined by the expression (3) should also be independent of these factors. Since the current of the electrochem- 
ical reaction and the function y (6 m) pass through a maximum simultaneously, the maximum value of the 
current always corresponds to the same concentration ratio. 


For its determination, the integral (10) was represented according to the formula described earlier (3). 
Equations (8), (10) and (3) were then used in turn to determine the values of y (65 m), I (m) and C(0, m)/Cy 
form =1,2,...., 35. The values taken for o and 6 were In 10° and 0.23026, respectively. The results are 
given in Table 1. 


By means of interpolation with polynomials of seventh degree, we can find the value of Mp at which » 
is a maximum, and the ratio C(0, t)/Cy at this point: 


My = 32,86; C(0, (0, = 0,2297. 


The relations (11) and (4) lead finally to the formula for the maximum current of the irreversible reaction, 


F 
Ip=0,230nFSCo ky exp| — a (12) 


One application of this formula is the determination of the rate constant kp from the known current and 
potential at the maximum point 


I nF 
k = 4,35 exp a—~ Ep 
nFSCo [ | 


Ip = 2,22 104nSCokol 


16,91anE 
ky = 0,450.10 bs 19 P, 


| 

i 

4 

(13) 

(12°) 

(13*) 
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Since here the potential of the peak appears in the index of the power with a high coefficient, it should 
be determined with the highest possible accuracy. When Ep changes by 1 mv, ky acquires the factor 1.04. A 
method for the accurate determination of the potential of the peak has been developed by Favero and Vianello [4] 
[4]. If account is taken of the current created by the background, the error in the determination of the potential 
of the peak is further reduced [5]. A large excess of indifferent electrolyte, by decreasing the loss of potential 
in the diffusion layer, also helps to increase the accuracy [6]. 


As an example we nse calculated k, for the reduction of Nb®* in 0.1 M Trilon B solution at 25°. For the 
first, irreversible wave n = 1, Ep = -0.616 relative to the saturated hydrogen electrode, I, = 14.28 - 107° amp, 
Co = 2.152 - 10-* mole/ ml, S = 1.529 - 30°" cm’, v = 2.45 v/sec (v does not come into the calculations), and 
on = 0.34, From (13 *), ky = 0.56 - 107° cm/sec. 


The quantity an appears in (12) and (13), Its value may be obtained by comparing the current at the 
maximum with the current of the descending branch of the polarographic oscillogram. From the equation for 
the descending branch [7], it follows, for example, that Ip/Ip,, = 3.18 / an, where Ip,5 is the value of the cur- 
rent at a potential 0.3 v more negative than the potential of the peak. 
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The use of isotopes for the study of exchange reactions, which serve as models for many common chem- 
ical reactions, has been very successful especially from the kinetic standpoint. However, the success was 
primarily achieved in liquid-phase reactions. Gas-phase exchange, particularly exchange of hydrogen, consti- 
tutes at the present time a relatively neglected field, and there is no doubt that this particular fact may be 
chiefly responsible for the relative lag in other studies involving applications of hydrogen isotopes. 


It is a well-known fact that compounds in which the hydrogen is attached to an atom containing a free 
electron pair (compounds of the type ROH, HHal, RNH,) undergo a very rapid hydrogen exchange in the vapor 
phase [1, 2]. In the present work we decided to study pairs of compounds where one component has the free 
electron pair (HBr, H,O) while the other has an active hydrogen (acetone). 


The exchange between acetone and DBR was studied in a vacuum apparatus, represented schematically 
in Fig. 1. The reaction was carried out in molybdenum and quartz vessels, which were placed in an oven. 
After the reaction the mixture was transferred into cell 1 where each component was analyzed for deuterium. 
The vessel and the cell were both maintained at constant temperatures. Special experiments were carried out 
to demonstrate that any exchange which might have taken place in the cell during the analysis could be neglected. 
The extent of exchange was determined from the band intensities in the following regions: 2400 cm~' (HBr), 
1872 cm~! (DBr), 3000 cm=! (CH), and 2100 em! (CD). The deuterium contents obtained from various measure- 
ments were averaged. 


The instrument was calibrated with respect to DBr and HBr and corrected for the effects of total pressure 
on the band intensity and with regards to acetone by using a sample of known deuterium content. Acetone 
samples containing from 5 to 90% of deuterium (in steps of 5-10%) were prepared by means of exchange be- 
tween acetone and heavy water (93.6% D) containing some NaOD (pH = 12). 


A preliminary determination of the deuterium content was carried out by using an equation derived from 
the expression for the isotopic equilibrium constant. The equilibrium constant was taken as 0.85 [3, 4]. The 
isotopic composition of deuterated acetones was also verified by analyzing the samples in a model MS-4 mass 
spectrometer. The analyses were in good agreement with the theoretically predicted results. Eight-fold ex- 
change yielded fully deuterated acetone. Each exchange operation required 10 days. The acetone was separated 
from water by distillation. Specially prepared Al,O, was used as a drying agent [5]. After the sample was 


dried, it was redistilled. Trace amounts of water were detected with the help of the potassium iodide—lead 
iodide double salt. 


DBr was prepared by decomposing PBr, with heavy water in vacuo, Excess PBrs was also used as a drying 
agent. The purity of the resulting DBr was determined from the vapor pressure at its melting point. The 
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deuterium content of all the products was determined 
mass-spectroscopically from the heavy hydrogen line, 
while a special method was used to get the hydrogen 
from the compounds [6]. The exchange was calculated 
with the help of an equation which we derived by dis- 
counting the effects of the initial isotopic content. 


If we use the notation accepted by S. Z. Roginskii 
{7}, where R denotes the exchange rate of nonisotopic 
molecules, which proceeds undetected, and an additional 
isotopic effect is introduced by using Rf, to denote the 
initial exchange rate, 


to the pump 


4 


Fig. 1. A schematic representation of the 
apparatus used in the exchange investigation. P A 
1) Gas cell; 2) reaction vessel; 3, 4, 5, 6,) AXn+ BXm= AXn-1X + BXm-1X, 

storage vessels. 

and Rf, the initial rate for the reverse exchange, 


then we can write the following differential equation for the rate at which the heavy isotope AX, is accumulated, 
taking into account the fraction which the isotopic exchange rate constitutes of the over-all exchange rate, 


dA/dt = Rf, (1 — pa) p» — Rfa(1 — po) pas 


where A and B are the amounts of isotope X in AX, and BXpp respectively; pa = A/na; Pb = B/mB; A andB 
the concentrations of AXp and BX; respectively. 


A general solution of this equation gives the formula: 


1 tq (Pq, — Pa, ) (nA + mB) (Pa — Pa, ) (Pa, — Pa, ) 


Pay» = P/2GV (p/2q)*+ 9/9; 9 =(k—1)nA/(nA + mB); 
p =(k—1)(p —mB/(nA + mB)) —1; 


k = f,/f, is the isotopic equilibrium constant; m and n give the number of equivalent atoms undergoing exchange 
in molecules AX, and BX,,; is the deuterium content of the entire system; pg. the initial deuterium content 


of component AXp. The Rf, obtained from this equation remains constant with a fair degree of accuracy regard- 
less of the extent of exchange. 


To calculate the reaction rate by the use of our equation, we have to know the equilibrium constant. 
The equilibrium constant k obtained by us at 218° was 2.3 + 0.1, The experimental data are presented in 
Table 1. The equilibrium constant 2.3 was close to the value calculated theoretically from the vibrational 
frequencies of acetone-dg,* namely 1.98. The calculated ratio of the partition functions (Q,/ Qs = 4,168; the 
experimental value is 4.6 if we take (Q2/Q,)ppr = 2.01 [8]. 


To establish the reaction mechanism, we determined the reaction order with respect to each component 
at 218°C in quartz and molybdenum vessels. * The kinetic curves are plotted in Fig. 2. Fig. 3 also shows that 
the reaction is first order with respect to acetone and DBr. 


Next we studied the relationship between the reaction rate and the ratio s/v. The reaction rate in the 


stoppered vessel was directly proportional to s/v. (When s/v = 0.9 cm”! we got Rf, = 21 mm of Hg while for 
s/v -5.9cm™ Rf, = 125 mm, both at t = 218°C. P,. = 70 mm, Ppp, = 420 mm. 


* These determinations were done with the help of N. D, Elkina. 
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The Equilibrium Constant k for Acetone + DBr and for Acetone-dg + HBr at 218°* 


D, % 


(lh - DA, 
p from from the 


CH band CH band{CD band 


Exchange Direction 
. t, min of reaction 


0,260 53,9 53,9 
0,221 62,0 48 ,0** 
0,232 60,4 48 ,6 
0, 246 57,1 53,5 
0,236 56,4 56,4 
60,5 48,7 


*Total deuterium content in forward exchange was 0.432,in reverse exchange 0.465. 
* *The high D% indicated by the CH band and the low % given by the CD band result 


2,42 Forward exchange 
2,42 180 Ditto 

2,42 120 Ditto 

2,42 150 Reverse 

2,28 255 Ditto 

2 Ditto 


from a partial condensation of acetone on the walls. Our results make it possible to 


account for this effect. 


mm of Hg/min 


100 
0 


50 100 =min 


¢ 


Fig. 2. Kinetic curves for the exchange 
between acetone and DBr (1-4) and be- 
tween acetone-dg and HBr (5) at 218°C. 
1) Pag = 35 mm, Ppp, = 420 mm; 2) 
Pac = 70 mm, Pppry = 420 mm; 3) Pac = 
70 mm, Pppr =280 mm; 4) Pac = 70 mm, 
Pppr = 140 mm; 5) Pac ~d, = 70 mm, 
Pupr = 420 mm. 


It follows from the equation that 


Ry 


since @~ RT 


We also determined the temperature dependence 
of the exchange rate. Fig. 4 shows that between 32 and 
218°C the line obeys Arrhenius equation. For s/v = 0.9 
cm~!, the exchange rate can be expressed by the equa- 
tion 


Rf, = 1.3 + 107'%e-5300/RT [Acetone] [DBr] moles/ sec. 


One would have to assume that the reaction occurs 
between the molecules of acetone adsorbed on the wall 
and the DBr molecules colliding with the wall. When 
the heat of adsorption and the fraction of wall surface 
covered with acetone were estimated, the above-made 
assumption led to a calculated frequency factor of 10", 


As a matter of fact, if we take the exchange rate 
on the surface and the gas-phase exchange rate calculated 
from the equation, we will get 


true’? — Ronynge "eff"; 


where s/v is the surface to volume ratio in cm™; 

v the velocity of DBr molecules in cm/sec; @ the frac- 
tion of the surface covered up; n; and n, the respective 
concentrations of DBr and acetone in the vapor phase; 
Q the adsorption heat of acetone. 


~ 


and Eeff = Etrye-Q. If we take Q = 9 kcal/mole, which can be estimated roughly from the 


increased adsorption heat for two CH, groups [9], then the frequency factor at t = 218°C is 10~® while E:rue = 


= 14 kcal/ mole. 


— 
= 
53,0 
55,6 = 
56,4 
| 
2,3+0,4 
| 
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mm of Hg mm of Hg 


——~— 


Fig. 3. The exchange rate as a function Fig. 4. Temperature dependence of 
of acetone pressure at t = 218°, Ppp, = the exchange rate, s/v = 0.7 em’, 
420 mm (1) and as a function of DBr pres- Pac = 45 mm, Ppp, = 270 mm. 

sure’ at t = 219°, P,., = 70 mm (2). 


There are by 1-2 orders of magnitude fewer collisions between DBr molecules adsorbed on the wall and 
the acetone vapor than the number observed in the earlier discussed mechanism. Accordingly such collisions 
will contribute very little to the over-all exchange. Since reactions in the adsorbed layer would have a 
frequency factor of 10~*’, they were entirely neglected [10]. 


Under our conditions the value of P/P, for acetone was changed from 0.001 to 0.1 and the corresponding 
fraction of surface covered changed from 0.01 to 0.5, which indicates that we were not operating under condi- 
tions allowing the formation of a surface film where the reaction would foliow liquid-phase laws [11]. 


We have to assume that the proton transfer which leads to exchange occurs only during a bimolecular 
collision and is therefore facilitated on the walls. The observed reaction has to be classified as an acid-base 
reaction, since HBr acts as a proton donor, That the reaction can not proceed through the formation of ions 
on the surface can be deduced from the work done by N. M. Chirkov [11], who studied the electrical surface 
conductance at low P/P, ratios of hydrogen bromide. 


Therefore, the reaction scheme on the wall can be represented by the equations: 


CHsCCHsy +- DBr CH3C = CH, HBr 
I 

CHg3C = DBr CHsCCH,D -|- DBr 


Our work also indicates that the wall reaction is much facter than the vapor-phase enolization of ketones. 
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The procedure by which an optical electron image and an electron diffraction spectrum are obtained from 
an extremely small section of the same object, referred to as microdiffraction [1], greatly extends the possible 
applications of electron diffraction and electron microscopy. The electron microscopes being produced at 
present, with accelerating voltage not more than 100 kv, do not permit a decrease in the diameter of the area 
of the object from which a diffraction pattern can be obtained to a value of less than 1 p, as a result of the 
insufficient clarity of the diffraction picture. This limitation can be overcome by increasing the velocity of 
the electrons, which makes it possible to increase the clarity of the image of the diffraction spectrum without 
increasing the thermal load on the object. Increase in the velocity of the electrons also increases the permis- 
sible thickness of the object under study and increases the resolution of the diffraction picture (as a result of the 
decrease in the aberration of the lenses). 


The present study was carried out on an electron microscope with an accelerating voltage of 400 kv [2] 
(relativistic velocity 557 kev, wavelength 0.0165 A, resolving power at the image 20 A), on which the diam- 
eter of the microdiffraction area could be reduced to 500 A. 


Figure 1 illustrates diagramatically the arrangement of lenses forming the image in this instrument. The 
upper focal plane of the objective contains the object, while a movable aperture diaphragm is set up in the lower 
focal plane. A movable selector diaphragm is placed close to the intermediate “diffraction” lens, in the image 
plane of the first stage. When working "on image," the image of the first stage of the diffraction lens is trans - 
ferred to the focal plane of the projection lens, and an image of the object appears on the screen or photographic 
plate. By an appropriate decrease in the ampere-turns of the diffraction lens, the diffraction spectrum, whose 
primary image lies in the lower focal plane of the objective lens, is transferred to the screen. The selector dia- 
phragm introduced into the plane of the primary image (with the aperture diaphragm removed) cuts out 
on the image a section of the object whose diameter is less than that of the diaphragm by a factor equal to the 
magnification of the objective lens. When the diffraction lens goes over to “diffraction working,” the diffrac- 
tion picture obtained on the end screen corresponds exactly to that section of the object which was limited by 
the image of the selector diaphragm. By introduction of the aperture diaphragm, it is possible to isolate on the 
screen any reflection of the diffraction spectrum. _If we then go over to the image, we obtain a particular 
dark-field image of the object in which the bright regions correspond to the favorably orientated atomic planes 
of the lattice with the indices of the reflection. 


The objects studied were particles of thermal soot, before and after isothermal ignition in an inert atmos- 
phere at 3200° for 20 minutes. X-ray diffraction data showed that the ignited soot had a comparatively high 
degree of homogeneous graphitization (y = 0.78) [4, 5]. 
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---- Object Figure 2 (a) gives the light-field image (negative) 


<= SHhjective of a particle of ignited thermal soot, in which the small 
A perature circles show the images of a selector diaphragm of diam- 
diaphragm 


eter 600 A, together with the diffraction spectra (b, c, d, 
e,f) of the corresponding sections of the particle (indi- 


ea oem 5E/CHOE cated by arrows). The layer lines formed on the electron 
one, sion diffraction diagrams for the separate sections are arranged 
i wrens lens in the direction of the radii of the particle. The zero 


layer line contains a number of bright reflections represent - 
ing the nodes of the reciprocal lattice of graphite with 


m Second image indices 001 (basal reflections). The nature of the diffrac - 
Sears Projec bine tion pictures indicates that they are produced by separate 
ee crystalline blocks of the graphitized soot particle. The 
radial orientation of the lines of the basal reflections on 
PS. Final the electron diffraction diagrams of the sections of the 
image particle correspond to the radial direction of the normals 
Fig. 1. of the basal planes of the graphitized blocks of which the 


particle is made up. In those cases where the selector 
diaphragm cuts out an area at the edges of two adjacent 

graphite blocks (Fig. 2 f), two series of basal reflections are produced, and the angle between them characterizes 
the mutual orientation of the blocks. This can be observed particularly clearly when the angle between the 
directions of the basal planes of the adjacent blocks is large. The intense hoops and rings which are then produced 
indicate the presence of layers of nongraphitized carbonaceous material between the blocks. The amorphous nature 
of the material in these layers is confirmed by the absence of diffraction rings with indices hkl, h0l and 0k1 on the 
electron diffraction diagram. The shape and size of the graphitized blocks and amorphous layers can be observed 
directly on the image of the particles. Each graphitized block can be picked out very clearly on the particular 
dark-field image of the particle (Fig. 2 g), obtained by the electron beam of the basal reflection indicated by 
the arrow in, Fig. 2 f (the position of the image of the aperture diaphragm is shown in Fig. 2 f, by a small circle). 


The length of the largest block is ~ 1500 A, and the average layer thickness is 200-300 A. The electron 
diffraction diagrams of the graphitized blocks show the characteristic drawn-out appearance of the reflections 
with indices 100, 101, 102, 110, 112, etc., along an equator, with the formation of layer lines. This indicates 
the incomplete azimuthal orientation of the basal planes of the graphite crystal lattice, in accordance with x-ray 
diffraction data [4]. A detailed study of the azimuthal order and defects in the crystal lattice of the graphitized 


blocks requires further quantitative examination of the positions, shapes, and intensities of the reflections on the 
electron diffraction diagrams. 


The electron diffraction diagram for the whole of a particle of graphitized thermal soot, obtained for a 
microdiffraction area diameter of 0.5, results from the superposition of the diffraction pictures of all the graph- 
itized blocks and amorphous layers. In addition to the diffraction rings, point basal reflections are produced, 
whose position on the electron diffraction diagram reflects the symmetry of the growth of the graphitized blocks 
in the soot particle during the isothermal ignition. 


a Fig. 3 (a) gives a light-field (negative) image of a particle of the original thermal soot, together with the 
: diffraction spectra (b, c, d, e, f) of separate sections of diameter 600 A, indicated by the small circles. The dif- 
fraction pictures are characterized by the presence of a series of basal reflections whose sharpness indicates the 
comparatively high degree of order of the basal planes of the carbon in the direction of the normals to these 
planes, In this case the layer lines formed on the electron diffraction diagrams do not break down to separate 
point reflections (in contrast to the case of the graphitized particles). The curvature of the layer lines, together 
with the slight tangential broadening of the basal reflections, indicates the spherical orientation of the basal 
Z planes, whose normals are radially arranged. The absence of reflections with indices khl, h0l, and 0kl indicates 
: the complete azimuthal disorientation of the basal planes of the carbon. The nature of the electron diffraction 
diagrams, in accordance with the x-ray diffraction data [6], confirms the suggestion regarding the amorphous 
nature of the carbonaceous material in the original particles. The normals of the basal planes are situated 
fairly uniformly in the direction of the radii of the spherical soot particles, as is indicated by the radial arrange- 
ment of the series of basal reflections in the electron diffraction diagrams of the separate sections of the particle. 
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Figure 3 shows extremely clearly that the angular disorientation of the arc-shaped reflections on the elec- 
tron diffraction diagram is greater, the closer the macrodiffraction area studied lies to the center of the spherical 
particle. This is quite natural since the curvature of the spherical layers of carbon increases on going towards 
the center of the particle. From this example we see how it is possible to break down the “spherical” texture, 


which cannot be detected by ordinary “macrodiffraction,” into a series of sloping-layer textures by the microdif- 
fraction method. 


The data obtained in the study of the structure of soot particles are in good agreement with the theory of 
the probable mechanism of their growth [7], according to which the aromatic synthetic products of pyrolysis of 
the gas condense in orientated fashion on the particle surface,probably in the form of flat, atomic, nucleation 
networks of aromatic carbon with side radicals. The growth of the carbon network takes place in the solid phase 
as a result of processes involving thermal destruction and synthesis in the side radicals. These processes can be 
assumed to lead to the formation of soot particles consisting of a carbonaceous substance of polymeric structure 
in the form of an accumulation of orientated aromatic carbon networks linked together in three dimensions via 
the side radicals, The spherical shape of the soot particles results from the regular deposition of carbonaceous 
material from the gas phase over the whole surface of the particle. The atomic—molecular structure of the soot 
parti¢le is similar to that of bright carbon, which differs only in the symmetry of packing of the planar carbon 
networks [7]. It has already been pointed out [8]that bright carbon deposited on the walls of a reaction vessel 
shows planar packing of the carbon networks under the influence of the planar support. 


Microdiffraction of high-speed electrons thus reveals new possibilities for the detailed study of the atomic 
structure of carbon. The high penetrating power of very fast electrons makes it possible to obtain images and 
diffraction pictures from relatively large carbon particles, and the decrease in the microdiffraction area, which 
is also associated with the increase in the velocity of the electrons, makes it possible to use the diffraction meth- 
od to study not only isolated particles, but also their internal mosaic. 
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Radiography has found extensive application in various scientific fields [1-4], but, as far as we are aware, 
this clear and direct method has not yet been applied to work on catalysis. 


The present communication reports briefly the data obtained in a radiographic study of the catalyst used 
for the industrial synthesis of ammonia. The use of ordinary radiography is made difficult in this case by the 
absence of convenient radioactive isotopes of the chemical elements used as promoters or forming the catalyst. 
Thus Al’? is not readily available and its half-life is too short (Ty, = 6.5 min); K®, with T), = 1.3 - 10° yr, is 
also unsuitable. Since the preparation of promoted catalysts is a long process, K® (Ty, = 1 4 hr, E, = 1.1 Mev) 
is also inconvenient. The radiation from Fe® or Fe™, which consists of electrons, internal conversion, and y ~tays 
with energy 1.2 Mev, is difficult to apply for radiographic purposes, because of the considerable volume distor- 
tion of the y -radiation. Of the components of the reaction involved in the synthesis of ammonia, N, has no 
isotope convenient for radiographic measurements. We have, therefore, developed the new method®* of adsorp- 
tion gas radiography. In this method the radiograms are obtained by means of photography, using the radiation 
from radioactive isotopes taken as the simple elements or in the form of chemical compounds and absorbed on 
the surface of the solid under study. When more than one phase, or pores and zones with very different ad- 
sorptive properties are present, these features can be observed on the images. 


An advantage of adsorption gas radiography is the possibility of studying the topography of elements which 
have no radioactive isotopes. At the same time it is possible to vary, over wide limits, the size and physicochem- 
ical properties of the molecules used as radiation source and to eliminate completely the volume effects. The 
material for autoradiographic examination is introduced to the prepared specimen either with the latter isolated 
or during a particular process. The time required to introduce the isotopic tracer is less than in ordinary radio- 
gtaphy, which is particularly important when using short-lived isotopes. Experiments can very readily be repeated 
with the same specimen and different radioactive adsorbed materials. 


In catalysis, gas adsorption radiography appears promising for the study of the nature of the distribution of 
added promoting agents, for the study of the topography of the poisoning of catalytic and adsorption processes, 
the topography of catalytically active centers, etc. 


The chief requirement of adsorption gas radiography in the study of the distribution of promoters in a 
catalyst is a radioactive gas which is preferentially adsorbed on the added promoter under study. 


*The theory of the method will be described elsewhere. 
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Fig. 1. Diagram of the vacuum apparatus for adsorption 


gas radiography. 1) Containers for C'40,; 2) reaction 
vessel for catalyst sections 3. 


In catalysts for the synthesis of ammonia, the chief promoter is potassium oxide, added to cast iron. Any 
acidic gas may be used as indicator for the study of the distribution of an alkaline promoter; we used c™o,. An 


advantage of the radioactive isotope chosen is the softness of the g radiation of Cc while a disadvantage is the 
long half-life (Ty, = 5570 yr). 


EXPERIMENTAL 


The nature of the distribution of the alkaline promoter in the ammonia catalyst was studied using an 
industrial specimen containing 2%K,Oand 5%. Al,0;. The catalyst was studied in the reduced and nonreduced 
states. The previously prepared sections were placed in the reaction vessel of the vacuum apparatus (Fig. 1), 
in which the chemisorption of the CO, labeled with Cc" took place. 


It was known from data obtained earlier that CO, is chemisorbed exclusively by the sections of the alkaline 
promoter [7], and is not desorbed in an atmosphere of nitrogen, argon or hydrogen at room temperature [8]. All 
the operations involved in unloading and exposing the sections were therefore carried out in an atmosphere of 
purified nitrogen. In order to prevent side interaction between the photographic plate and the section during the 
exposure, the latter was covered with a thin layer of collodion and placed in a desiccator. Since the half-life 


period is long, the time of exposure amounted to several days. It may be reduced by using special photographic 
plates. 


The results obtained for nonreduced Fe,0, with additives are shown in Fig. 2(a), which shows optical reflec - 
tion photomicrographs, Fig. 2 (b) shows a radiogram of the same specimen, and Fig. 2 (c) shows a radiogram of 
another specimen at similar magnification. In photographs 2b and 2c the white regions correspond to alkali, 
and the dark regions, to the surface of iron or alumina. Particularly noticeable features are the sharp difference 
between the optical and radiographic photographs of the same specimen (Fig. 2, a and b) and the nonuniform 
distribution of the alkaline promoter over the catalyst grains. The radiograms show clearly zones where there 
is no alkali at all and regions characterized by a considerable concentration of the alkaline additive. It is 
possible that the potassium oxide reacts to produce a compound which forms a separate phase. 


Fig. 3 shows a photomicrograph (a) and radiogram (b) of a reduced specimen. It can be clearly seen that 
the optical photograph 3 a differs less from 3b than 2a does from 2b. This shows that during reduction a sig- 
nificant change has taken place in the topography of the distribution of the alkali in the specimen. The adsorp- 


tion gas radiography method can also be used to determine the distribution of the Al,O; and the structure of the 
Fe. 


*Up to the present "Spectrographic, Type 1° plates have been used. 
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The literature contains descriptions of a number of attempts to use surface processes for radiographic 
purposes. Thus Rabinowicz [5] has described the use of amyl iodide, labeled with 1'3! and adsorbed from solu- 
tion, for the study of metals and alloys. In this case the process is not one of adsorption but a surface chemical 
process which spreads into the depth of the grain. Thompson, et al., [6] has used for radiography the compound 
produced on a surface in the form of characteristic thick layers when gas chemical reactions are carried out with 
a solid. The authorsregard adsorption as an undesirable additional factor. In our case, supplementary adsorption 
measurements make it possible to regard the adsorption of CO, as a surface process, with no penetration into the 
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volume of the grain, and this is the chief condition for adsorption gas radiography, whose fundamental idea lies 
in the use of the peculiar features of physical and chemical adsorption with variations in filling both below the 
monolayer and in the region of multilayer adsorption and capillary condensation. 
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Our previous works [1, 2] reported the examination of the mechanisms of tar and carbon formation in the 
decomposition of ethyl alcohol on catalysts, carried out on the basis of a study of the reaction products and their 
rates of formation. From these works it follows that, in the decomposition of ethyl alcohol on a dehydrogenating 
catalyst, several mechanisms are possible, depending on the temperature conditions. At 200-600° a low tem- 
perature mechanism is observed, involving the polycondensation of acetaldehyde previously formed from the 
alcohol; at higher temperatures polycondensation of the original ethyl alcohol with unsaturated condensation 
products becomes possible, together with polycondensation of various hydrocarbons previously formed from the 
decomposing alcohol. 


Since the processes of carbon formation are complex, involve many stages, and can,in general, be studied 
only from certain over-all effects and indirect data, it was considered of interest to examine the part played by 
acetaldehyde and ethyl alcohol as starting material for carbon formation, by measuring the rates of the separate 
stages of this complex process using the isotopic kinetic method of M. B. Neiman [3, 4]. This method was first 
applied to heterogeneous catalytic reactions by A. A. Balandin, M. B. Neiman, O. K. Bogdanova, G. V. Isagulyants, 
A. P. Shcheglova, and E. I. Popov [5]. 


Radiochemical methods have already been used to examine a number of problems of carbon formation in 
the decomposition of different organic substances [6-10]. Thus McMahn [7] has established by a radiochemical 
method that, in the cracking of paraffinic hydrocarbons at low temperatures, the carbon obtained comes from the 
carbon of the whole original molecule; A. A. Balandin andco-workers[5, 9] have shown that, in the dehydrogen- 
ation of a butane—butylene mixture, 90% of the carbon is formed from divinyl and only 1.5% directly from 
butane; G. M. Zhabrova and B. M. Kadenatsi [10] have found that, under the conditions of the preparation of 
divinyl from ethyl alcohol, the carbon is formed chiefly from the alcohol, etc. 


In the present work two series of experiments were carried out under the same conditions; one using pure 
ethyl alcohol and the other using a mixture of ethyl alcohol and 37. acetaldehyde labeled with c'* (specific 
activity 11900 counts per mg BaCOy, per min). The experiments were carried out in a flow-through apparatus 
by the method described earlier [1, 2] at 305 and 485°, with contact time 1-9 seconds, and copper—silica gel 
catalyst prepared as described in [1]. In the experiments with the labeled acetaldehyde added, measurements 
were made of the specific activity of the resultant carbonaceous material, acetaldehyde, and alcohol by the 
method described in [5]. The activity of the alcohol and the carbon were measured in targets of BaCOy after 
ignition of the specimens. The activity of the acetaldehyde was determined in targets of 2,4-dinitrophenyl- 
hydrazone with appropriate recalculation to the equivalent BaCO, activity. The carbonaceous material was 


| 
297 


mM /liter 
mM /liter 


20} 


16 


@ 

24 6 8 


Fig. 1. The influence of the timeof contact 
on the course of the decomposition of ethyl 


Fig. 2. The influence of the timeof contact 
on the course of the decomposition of ethyl 


alcohol at a temperature of 305°. 1) Unreacted alcohol at a temperature of 485°. 1) Unreacted 
alcohol, 2) hydrogen, 3) carbonaceous mate- alcohol, 2) hydrogen, 3) carbonaceous mate- 

rial calculated as free carbon, 4) ethylene rial calculated as free carbon, 4) ethylene 

(all concentrations are given in millimoles per (all concentrations are given as millimoles per 


liter of gaseous products). liter of gaseous products). 
ignited at 650° in the apparatus in which the main experiments were carried out, after removal of volatile 
organic substances. 


Preliminary experiments with acetaldehyde and ethylene labeled with C™ showed that the rate of forma - 
tion of carbonaceous material from acetaldehyde is slightly greater than that from ethylene since the percent- 
age transfer of radiocarbon to the carbonaceous material from acetaldehyde is 3 times that in the case of 
ethylene. On the basis of these data we found it possible to use the scheme illustrated below to determine the 
separate rates of reaction in the conversion of ethyl alcohol to carbon: the part played by ethylene in the proc- 
ess of carbon formation was neglected 


C,H;0H. CHsCHO 


carbon‘ 


An analogous scheme has been used by A. A. Balandin et al., for the determination of the separate rates 
of reaction in the dehydration of ethyl alcohol on aluminosilicates [11]. 


As a result of the reactions taking place according to the scheme indicated, with rates w,, wy", W2, and Ws, 
the alcohol, acetaldehyde, and carbon will have specific activities equal to a, 6, and y, respectively. 


By solving the system of differential equations for the separate reaction rates and the corresponding equa - 
tions for the changes in radioactivity, as described earlier [11], we obtain the following expressions for the separ- 
ate rates of the process under study: 
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Fig. 3. The influence of the time of con- 
tact on the specific activity of the prod- 

ucts of the decomposition of ethyl aicohol 

mixed with 3% of acetaldehyde labeled with 
c', at a temperature of 305°. 1) Unreacted 
alcohol, 2) acetaldehyde, 3) carbonaceous 
material (all specific activities are given as 


A, 


Fig. 4. The influence of the time of contact 
on the specific activities of the products ‘of 
the decomposition of ethyl alcohol mixed 
with 3% of acetaldehyde labeled with Cc’, 
at a temperature of 485°. 1) Unreacted 
alcohol, 2) acetaldehyde, 3) carbonaceous 
material (all specific activities are given as 


percentages of the original). percentages of the original). 


dC 
— Ws, (3) W3 = 


The data for the kinetics of decomposition of ethyl alcohol at 305 and 485° without labeled acetaldehyde 
added are given in Figs. 1 and 2. In these figures the quantity of substance in millimoles per liter of vapor of 
the original alcohol is plotted on the y-axis, and an arbitrary contact time, defined as the reciprocal of the 
volume rate of passage of vapor, plotted on the x-axis. In the calculation of these quantities, account was 
taken of the change in volume (at N.T.P.) taking place during the reaction (the average of the volumes at the 
inlet and outlet of the reaction vessel was taken). Graphical differentiation of the data obtained gave the values 


of C, (acetaldehyde concentration) and “ (the total rate of carbon formation) necessary for the calculations 


using (1)-(4). The specific activity values necessary for the calculations using (1)-(4) were determined from 

the corresponding curves (see Figs. 3 and 4) and the derivatives found by graphical differentiation. Table 1 

gives the results of the calculations using (1)-(4), expressed as mM/sec per liter of gaseous products. The use 

of data on the kinetics of decomposition of pure ethyl alcohol for the calculation of the radiochemical quantities 
obtained in experiments with a mixture of alcohol with 3% acetaldehyde is quite justifiable since we have shown 
[2] that small additions of acetaldehyde to alcohol do not alter the rate of carbon formation and the effect be - 
comes appreciable only when the quantities added raise the acetaldehyde concentration above the value corre- 
sponding to the extent of conversion under the given conditions. 


Comparison of the values obtained for the reaction rates for different contact times and two temperatures 
gave the following results. At 305°, increase in the time of contact by a factor of 4 causes the rate of formation 
of carbon from acetaldehyde to increase by a factor of 2; at the same time the rate of formation of carbon from 
alcohol and the rate of formation of acetaldehyde from alcohol decreases by a factor of 10. The ratio of the rates 
of formation of carbon from acetaldehyde and from alcohol increases from 0.75 to 15, i.e., increases by a factor 
of 20. At 485°, a similar increase in the time of contact by a factor of 4 leads to an increase in the rate of 
formation of carbon from acetaldehyde by a factor of 3, with a simultaneous decrease in the rate of formation 
of carbon from alcohol by a factor of 4 and decrease in the rate of formation of acetaldehyde from alcohol by 
a factor of 40. The ratio of the rates of formation of carbon from aldehyde and alcohol changes from 0.55 to 
4.3, i.e., increases by a factor of 8. 


This comparison, which indicates the direction of the changes in the rates of the separate reactions with 
increase in the time of contact and the temperature, shows that increase in the contact time leads to a decrease 
in the rate of conversion of alcohol to carbon and of alcohol to acetaldehyde and to an increase in the rate of 
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Values of the Separate Rates of the Decomposition of Ethyl Alcohol on a 
Dehydrogenating Catalyst at Different Temperatures and Contact Times, 
Obtained by the Radiochemical Method 


305° 485° 
Rate in mM/sec liter Rate in mM/sec liter 


t, sec 


Ws w,’ 


2 3,8 | 0,05 0,16 0,12 

0,03 0,14 0,18 | 3,7 0,07 0,12 | 0,04 
4 1,6 | 0,02 0,08 0,20 | 2,8 0,08 0,10 | 0,06 
5 a6 10,00 0,06 0,23 | 2,0 0,08 0,08 | 0,09 
6 0,9 0,008 0,045 0,25 1,3 0,08 0,05 0,11 
Ys 0,7 0,005 0,035 0,26 0,7 0,08 0,04 0,12 
8 0,5 9,003 0,025 0,27 0,3 0,08 0,03 0,13 
9 0,4 0,004 0,020 0,28 | 0,07] 0,08 0,03 0,13 


conversion of aldehyde to carbon, i.e., the part played by the aldehyde in the process of carbon formation in- 
creases. For example, with a contact time of 9 seconds and a temperature of 305°, 949, of the carbonaceous 
material is obtained from the acetaldehyde and only 6% from the alcohol. Increase in the temperature, on the 
other hand, leads to a decrease in the part played by acetaldehyde in the process of carbon formation. For 
example, at 485°, with a contact time of 9 seconds, only 82% of the carbonaceous material is obtained from 
acetaldehyde, and the rest is obtained from alcohol. 


Thus, the radiochemical method using C' has shown that, in the decomposition of ethyl alcohol on a 
dehydrogenating catalyst in the temperature range 300-500°, the carbonaceous material is formed chiefly from 
acetaldehyde. The part played by the ethyl alcohol as starting material in the process of carbon formation, 
increases with increase in temperature, from 69. at 305° to 18%. at 485°, for a contact time of 9 seconds. 


The data obtained confirm the theory, put forward by us earlier [1, 2], that acetaldehyde takes an active 
part in ‘the process of low-temperature formation of carbon from ethyl alcohol,and also confirm the scheme 
suggested for the process of polycondensation of acetaldehyde to produce the carbonaceous material. In this 


scheme preliminary dehydrogenation of the alcohol is a necessary condition for the low-temperature mechan- 
ism of carbon formation. 


The data obtained also confirm the accuracy of the theory that one of the methods by which high-tem- 
perature carbon formation takes place in the decomposition of ethyl alcohol is by the direct polycondensation 
of ethyl alcohol with unsaturated condensation. products, leading to the formation of carbonaceous material. 


The part played by ethyl alcohol as starting material for carbon formation increases considerably with increase 
in the temperature. 
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MOLECULAR SIEVES AS ADSORBENTS 
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The porous crystals obtained on removal of water from natural or synthetic zeolites have for long attracted 
the attention of research workers. An extensive literature is devoted to the study of the adsorptive properties of 
these crystals. In recent years, interest in these sorbents has grown considerably in connection with their prac - 
tical application, since the uniform porosity of their molecular dimensions makes it possible to achieve a very 
sharp separation of mixtures of substances; the mechanism of the separation process is such that it is possible, 
with complete justification, to call the zeolites molecular sieves. The extensive studies of Barrer and co-workers 
(see [1], for example) have revealed many features of the adsorptive properties of zeolites and have made it pos- 
sible to make a classification of molecular sieves, based on their x-ray structural and sorptive properties. 


The most important porous sorbents, from the practical viewpoint, can be arranged in order of decreasing 
pore size, which to a certain extent determines their sorptive properties. In this series (coarsely porous silica gels, 
active carbons of the second structural type, finely porous silica gels, active carbons of the first structural type, 
zeolites), the zeolites occupy the place furthest to the right, both as regards the size of the pores (the structural 
cells) and, particularly, as regards the size of the openings ("channels") leading to these holes. 


In spite of the large number of attempts which have been made to carry out a theoretical analysis of ad- 
sorption phenomena, there is as yet no single theory which would make it possible to describe quantitatively 
the adsorption equilibrium for all these types of sorbent. Moreover, even for any individual adsorbent, none of 
the existing theories makes it possible to calculate beforehand the adsorption equilibrium for a given set of 
conditions from the known characteristics of the adsorbent and substance being adsorbed. The only exception 
is the potential theory of adsorption in its improved version [2], since this theory, at any rate for active carbons 


of the first structural type, makes it possible to solve this problem over a wide range of change in the variables, 
with an accuracy which is sufficient for most practical purposes. 


The equation for the adsorption isotherm, derived on the basis of the potential theory [3], may be written 
in the following form: 


lga= — 


0,43 BT? 
B3 


lg? h, 
(1) 


which shows a linear relationship between the logarithm of the adsorption a and the square of the logarithm of 
the relative pressure h = p/p,. This equation accurately describes extensive experimental material on the 
adsorption of different substances on active carbons of the first structural type and finely porous silicagels [4] 
and makes it possible to use the constants W, and B, determined from the adsorption isotherm for a standard 


= 


0° 
Fig. 1. Fig. 2, 


substance (for example, nitrogen at -195° or benzene at 20°), to calculate in advance, over a wide temperature 
range, the adsorption equilibria for other substances on the adsorbent in question from the tabulated values of the 
molar volume v, the affinity coefficient of the characteristic curve g , and the saturated vapor pressure p, for 
these substances, Since the zeolites may be regarded as the limiting member of this series of porous sorbents, 

we are led naturally to try to establish the extent to which Eq. (1) is applicable to the quantitative description 

of adsorption on zeolites. In order to examine this problem, we have represented the experimental data at our 
disposal (from our own work and from the literature) in the form of graphs with the coordinates of Eq. (1) and 
have obtained satisfactory linear relationships between log a and log” h, as can be seen from Fig. 1. The straight 
line 1 gives the adsorption isotherm for nitrogen vapor at -195°, measured by the gravimetric method [5], on the 
molecular sieve, "Linde 5 A," and Graphs 2 and 3 represent the adsorption isotherms for nitrogen and argon, respec - 
tively on chabazite at -183°, constructed from the tabulated data given by Barrer and Robins [6]. In all three 
cases, (1) is obeyed over the whole of the range studied. It should be noted that the adsorption isotherms for 
argon on natural and calcium chabazite, measured in [7], are described by this equation only over a pressure 
range of three orders of magnitude (from h w 1 - 10~ and above), and considerable deviations from linearity are 
observed in the range h < 1- 1074, Although we leave open the reason for these deviations, we would emphasize 
that in the case of such steep isotherms, the kinetics of the attainment of equilibrium are often considerably 


drawn-out, so that the measurements of the small equilibrium pressures in the initial section of the isotherm 
cannot be sufficiently reliable. 


Thus, from our point of view it is possible to say that (1) can be satisfactorily applied to the adsorption of 
the vapor of a substance on zeolites in approximately the same range of relative pressures as in the case of ad- 
sorption on active carbons of the first structural type, at any rate for those substances whose adsorption is for the 
most part determined by dispersion forces. If we use curves 2 and 3 in Fig. 1 to calculate the constants Wp and 
B, taking nitrogen as standard substance (g = 1) and defining 9 for any other substance as the ratio of the parachor 
of that substance to the parachor of nitrogen, then the values of Wy for argon and for nitrogen prove to be equal 
to 0.192 and 0.217 em g, respectively, and the values for 8, 1.47 and 1.51 - 10%, respectively (if benzene is 
taken as standard substance, then the values of B are 0.160 and 0.165 - 10°). In the case of nitrogen, whose 
critical temperature is close to the temperature of the experiment, the molar volume in the adsorbed state at 
-183° (v = 35.7 cm’/ mole) was estimated by the method described in [8]. The values for B found in this way 
show good agreement with one another, and the values of Wo differ from one another by approximately 12%. 


In order to judge the extent to which Eq. (1) makes it possible to calculate in advance the adsorption 
equilibria of other substances on zeolites from the constants Wg and B characterizing a given Wg adsorbent and 
determined from one adsorption isotherm for a standard substance and the tabulated values of the constants of 
the adsorbed substances, we have calculated the adsorption isotherms for methyl chloride at three temperatures, 
0°, 50°, and 100° on chabazite, and have compared the calculated isotherms with the direct measurements 
of the adsorption of this substance on natural chabazite, given by Barrer and Brook [9]. For these calculations 
we took the above values Wg = 0.217 cm*/g and B = 1.51 - 1076 determined from the adsorption isotherm for 
nitrogen [6], while the necessary values of the molar volume v of ethyl chloride in the adsorbed state at these 
temperatures was estimated by the method suggested in [8], ice., by linear interpolation between the value of 
v at the boiling point and the value of the Van der Waal's constant b at the critical temperature. The affinity 
coefficient of the characteristic curve § was obtained from the corresponding coefficient for ethyl chloride, 
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with a correction for the increment in the parachor due to the CH,-group, and the saturated vapor pressure of 
CH,C1 was calculated from the tabulated data [10]. The results of the calculations carried out are shown in 
Fig. 2; the solid lines give the adsorption isotherms of CH,Cl on chabazite at temperatures of 0°, 50° and 100°, 
the equilibrium pressures in milliliters of mercury being plotted on the x-axis, and the values of the adsorption 
in millimoles per gram being plotted on the y -axis. The small circles on the figure show the experimental 
points found by Barrer and Brook [9] at the same temperatures. For the isotherm at 50°, very good agreement 

is shown between the measured and calculated values of the adsorption. The experimental points at 100° lie 
slightly below, and those at 0°, slightly above the calculated isotherms, but the greatest deviation in either case 
does not exceed 5% The agreement between the calculated and experimental values of the adsorption may 
even be unexpectedly good, if account is taken of the following facts: the calculation of the adsorption of 
CH,Cl is made in the range 0-100° from the adsorption isotherm of N,, measured at -183°; the method used for 
estimating the molar volume of the material in the adsorbed state can only be approximate; and the adsorbents 
used in [6, 9] may differ slightly from one another. From what has been said, it may be thought that the affinity 
coefficients determined from the adsorption isotherms for carbons and expressed in terms of the ratio of the 
parachors retain their value when applied to adsorption on zeolites. 


We would also point out that our calculations of the total heat of adsorption of CHyCl on chabazite from 
the same values of Wo and B for a = 3 mM/g, using an equation derived on the basis of the potential theory of 
adsorption [see [11], Eq. (7)], gave the value 11.5 kcal/ mole, compared with the value 14.7 found by Barrer 
and Brook [9] for approximately the same value of the adsorption, using the Clausius—Clapeyron equation. 


From our point of view, the results given for the preliminary calculations indicate that (1) may convenient- 
ly be applied to the study of adsorption on zeolites (in order to examine the range of their applicability and pos- 
sible limitations) and also enable us to regard molecular sieves as adsorbents of the first structural type, to which 
it is possible to apply, to a greater or lesser extent, the methods of calculation of the potential theory developed 
in recent years in our laboratory. 
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Study of the infrared and Raman spectra of the acetone—chloroform system has shown that the frequencies 
of the valence vibrations of the carbonyl group and C-H group of the chloroform are the same as in the original 
substances. At the same time the intensity of the corresponding bands increases considerably [1-4]. The increase 
in intensity in this case is due to the formation of a molecular compound. From this example it can be seen that 
the formation of a hydrogen bond may have a considerable effect on the intensities and a smaller effect on the 
frequencies of the vibrations. 


In order to examine the nature of the interaction, we have studied the effect of temperature on the 
frequencies and intensities of the lines in the Raman spectrum in the nonpolar solvent hexane and also in ke- 
tone—chloroform mixtures. With decrease in temperature, the interaction is more distinct since the thermal 
disorientation hindering the formation of molecular compounds is reduced. Experimental data are given below 
for the effect of concentration and temperature on the Raman lines corresponding to the valence vibrations of 
the C = O bonds of the ketones and the C-H and C-Cl bonds of the chloroform in the systems and also in the 
corresponding individual substances. 


Tables 1 and 2 give the integral intensities I =f I,dv expressed on an arbitrary scale where the intensity 
of the Raman line for the individual substance at t = + 30°C, related to one mole, is taken as 100. 


The measurements were made on an ISP-51 spectrograph with photoelectric recording of the spectrum. 
The optical part of the temperature assembly consisted of a thermostatically controlled cell. The necessary 
temperature was attained by evaporating liquid nitrogen. When measuring the intensities at different tempera - 
tures, it was necessary to take account of the change in the ratio n?/d, where n is the refractive index and d is 
the density. In our experiments the greatest change in this quantity in the temperature range from + 30° to - 90° 
amounted to approximately 4%. The error in the measurement of the intensities amounted to 10%, and that in 
the measurement of the frequencies, to+ 2cm~'. The temperature between + 30° and - 30° was measured 
with an error of 1°. The errors in the measurements of lower temperatures did not exceed 3°. 


The experiments showed that the intensity of the C = O and C-H lines increases in the ketone + chloroform 
system and decreases in solutions of these substances in hexane. The intensity of the C-Cl lines in both cases 
remains practically unchanged (Fig. 1). The fact that the frequency and intensity of the C-Cl lines remain un- 
changed indicates that the intermolecular interaction affects mainly the C = O bonds of the ketone and the 
C-H bonds of the chloroform. The picture of hydrogen-bond formation is complicated by the fact that the 
ketones are extensively associated at room temperature and are apparently partly dimerized. This is confirmed 


= 
4 
4 
2 

is 

307 


O=9; |O=Day] 


~ 

-01908 )JOIOTYO 

+ 

-usqdoisoy 


UWLIOJOIOTYO + suousydoisoy, 


Lat 


8108 
810€ 


NSS 


65 


OF 
005 


+ 


i= > 


+ WLIO JOIOT YD 


+ 


+ 


pue setouenbelJ ey UO jo 199537 


bart 

HH OO 


pue UO UOTIENUZOUOD Jo 


| x= 
‘ 
a Ee 2888 
| SEE 88 3 
28 
28 
es 
| #8828 
4 
ase 
BS | 
So 
3 
< < A 
308 


é e ° ° ° 
2 0 €émole/liter -00" -80° -60° -20° 0 wt 


Fig. 1. Effect of concentration on the intensity of Fig. 2. Effect of temperature on the 

the chloroform lines: 1) Intensity of the C-H line intensity of the acetone line (1708 cm~); 
(3019 cm~!) in acetone solution; 2) intensity of 1) In chloroform solution (6,5 mole/liter); 
the C-Cl line (667 cm!) in solutions of acetone 2) pure acetone; 3) in hexane solution 
and hexane; 3) intensity of the C-H line (3019 (7.5 mole/liter). 


cm™) in hexane solution. 


by the increase in the frequency of vibration of the carbonyl group of the ketones in hexane, with breakdown of 
the ketone dimers, which are probably associated in the form of quadrupoles 


This suggestion agrees with experiments on the dielectric polarization of acetone solutions, which varies 
from 160 cm® in extremely dilute solutions in nonpolar solvents to ~ 40 cm! in pure liquid acetone [5]. In the 
presence of CHClg, the frequency of the vibrations of the carbonyl group does not change, in spite of the fact that 
chloroform leads to breakdown of the dimers. This is possibly explained by the fact that breakdown of the dimers 
is accompanied by formation of a molecular compound with chloroform, the frequencies of the vibrations of the 
carbonyl group in the dimers and in the molecular compound being very close. Another reason for the fact that 
no change takes place in the frequencies is the relatively small concentration of complexes at room temperature 
Thus, when the temperature is lowered to —90°, the frequency of the vibrations of the C—H bond of the chloro- 
form Av = 3019 cm™ in the acetone—chloroform system decreases to 3010 cm™, whereas in pure chloroform it 
remains unchanged as far as the freezing point. 

The change in the intensity of the lines for the carbonyl group in liquid acetone, in a solution of acetone 
in hexane, and in a’ mixture of acetone and chloroform, with change in temperature, is shown in Fig. 2. 

The intensity of the lines of the carbonyl bond and the C-H of the chloroform is made up of the intensity 
of the lines of the isolated molecules (Ip) and molecules associated in the complex (Ic), and I, > Ip). It is pos- 
sible to estimate the enthalpy of formation (AH) of the molecular compound of acetone + chloroform from the 
change in the integral intensity of the chloroform line of frequency 3019 cm™' with change in temperature. If it 
is assumed that the intensity of the 3019 cm~! line for ¢hloroform at a given temperature is made up of the 


intensity of the lines of the monomeric molecules and molecules associated in the complex, which are not sepa- 
tated, then 


| (le — al 


where I, is the intensity of the line at a given temperature; Ln is the intensity of the 3019 cm™ line in hexane, 
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extrapolated to infinite dilution; 1, is the intensity of the 3019 cm! line in acetone, extrapolated to infinite 
dilution; C, is the concentration of the molecular compound; and C, chl is the initial chloroform concentra - 
tion. 


1 
The factor ]-e-hy/ kt for Av = 3019 em remains practically constant within the temperature range 
studied. We may therefore, assume that 


We have used the experimental data to calculate the equilibrium constants for the reaction 


HsC 
Noo + HCCl, = 
Hy 


Xoo. .. H—CCls 


at the temperatures 301, 263, and 243° K and have obtained the values 0.2, 0.44, and 0.75 liter/mole. From 
these quantities we have found the enthalpy and entropy of the reaction; AH « -3350 cal/mole, and AS = 
= -14.3 eu. According to Moelwyn-Hughes data from the vapor pressures [6], AH >-4070 cal/ mole, and accord - 
ing to Pimentel's data obtained from proton magnetic resonance, AH = - 2500 cal/mole (7). The values which 
we have found lie between these values, The standard free energy of formation of the molecular compound is 

910 cal/mole. This explains its instability at high temperatures. 
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The equilibrium for the reduction of strontium molybdate by hydrogen has been studied in the tempera - 
ture range 950-1392°C. We have used a circulation method, which makes it possible to avoid the effect of 
thermal diffusion and at the same time to increase the rate at which equilibrium is reached. Two versions of 
the apparatus were used; the measurements were made in the first up to 1122° and in the second from 1122° 
upwards. Assemblies analogous to the first version of our apparatus have been described in earlier papers [1-6]. 
In the second version of our apparatus, we used a small short-circuited molybdenum heater H (Fig. 1) placed 
inside a quartz vessel P. The outside of the reaction vessel was cooled with water and remained cold during the 
operation of the heater. The heater was operated using a low voltage current (5-15 v) supplied via brass elec- 
trodes E cooled internally with water. The boat was attached to a platinum capillary K,, through which the H, + 
+ H,O gas mixture passed into the reaction zone. The boat and thermocouple T were introduced into the heater 
via the ground joint S, in the side of the vessel, the hot junction of the thermocouple being kept in contact with 
the wall of the boat. A semipermeable palladium membrane M was introduced into the heater from the other 
side via the ground joint S, to measure the partial pressure of hydrogen in the heated zone. The membrane 
consisted of a palladium plate of thickness 0.1 mm forming the foot of a platinum tube Ky, of diameter 3 mm. 
The membrane was tested beforehand for leaks and the rate of diffusion of hydrogen at t = 1200° K checked. 
The method of introducing the current leads was borrowed from [7]. 


The temperature of the heater was kept cgnstant with an accuracy of + 1-3°. The platinum—platinorho- 
dium thermocouple was calibrated beforehand from the melting points of chemically pure metals and salts. 
The hydrogen for the reduction was prepared by the electrolysis of 20% NaOH solution using nickel electrodes, 
purified from oxygen over palladized silicagel, and dried over CaCl, and P,O;. The aqueous vapor pressure in 
both versions was given by the temperature of a saturator with water, placed in a Dewar vessel with finely ground 
ice. The equilibrium constant was calculated from the formula 


PHO 
Pu, 


The total pressure in the system was measured using a mercury manometer with an accuracy of + 0.1 mm. 


The strontium molybdate was prepared by precipitation from a solution of Na,MoO, with the stoichiometric 
quantity of Sr(NOg), solution. The original analytically pure salts were purified by recrystallization. The SrMoQ, 
obtained was washed thoroughly, dried, and ignited at 1000-1100°. The material was analyzed as described by 
Hillebrand and Lundell [8] with an error of 0.5%; the results confirmed the composition StMoO,. The gross 
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Fig. 1. Diagram of the apparatus. 


composition of the reduction products was obtained from the loss in weight of the specimen. The phase composi - 


tion was determined from an x-ray structural study by the Debye method using a camera with D= 86 mm and a 
an iron anode. 


It should be noted that the high-temperature apparatus described in the present work shows certain im- 
provements compared with the initial version described in [9]. These improvements (the semipermeable mem - 
brane and the inlet platinum capillary) were made necessary by the lack of agreement between the data obtained 
on the first version of the high-temperature apparatus (without input capillary and membrane) and on the appara- 
tus with an ordinary heater. At the same time it has been reported in the literature [10] that, when the heating 
zone is small and the temperature gradient with the surrounding medium is large, distortion of the results is pos- 
sible as a consequence of thermal diffusion, in spite of the circulation conditions. If the gas mixture is preheated, 
the cooling of the boat and contents by a current of colder gas is reduced. Experiments carried out with the semi- 
permeable palladium membrane enabled us to draw the following conclusions. When the inlet platinum capillary 

_ is not used, thermal diffusion takes place and the data obtained without the capillary are too high, as can be 
clearly seen from Fig. 3. The presence of the inlet platinum capillary ensures preheating of the gas mixture and 
suppresses thérmal diffusion completely. The data obtained on the high-temperature apparatus with inlet plati- 
num capillary show gogd agreement with the data obtained on the ordinary apparatus (up to 1100°). 


The reduction of strontium molybdate proceeds in two stages: 


SrMoQO, -+- He = SrMoO; + H,0, (D 
1/2 SrMoOs ++ Hg = 4/2SrO +- 1/2Mo + H20. (1) 


The first stage of the reduction yields a compound of tetravalent molybdenum SrMoO, with the perovskite struc- 
ture. We have determined the lattice constant for this compound and obtained the value a = 3.968 A, which 

is in good agreement with the data of Sholder and Brixner [11]. Table 1 and Fig. 2 show the relationship be- | 
tween the equilibrium constant and the gross composition of the reduction products. 


Table 2 and Fig. 3 show the relationship between the equilibrium constant and temperature for the first 
and second stages of the reduction of SrMoQ,. 


The following equations were obtained by the method of least squares: 
Ig =—— +. 1,6770 (+3%), 


Ig Kon = — + 0,8762 (+ 3%). 


Pp 
| 
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Fig. 2. Isotherms for the reduction of Fig. 3. Polytherms for the reduction of SrMoO, 
StMoO, for the temperatures: a) 994°, I) 1st stage of the reduction, II) 2nd stage of the 
b) 1037°. reduction. Experimental points; a) obtained on 
the ordinary apparatus, b) obtained on the high- 
temperature apparatus with inlet platinum capil- 
lary, c) obtained on the high-temperature ap- 
paratus without capillary. 


TABLE 1 


Gross chemical ||Gross chemical 


composition of composition of 


SrMoOs,9 0,157 


SrMoOs3,8 
SrMoOs,5 
SrMoOs,05 
SrMoOs3 
SrMoOs 


0,156 
0,148 
0,147 
0,144 
0 ,0763 


0,180 


0,175 
0,0279 
0,0186 


SrMoOg3 
SrMoOz, 95 
SrMoOz,9 
SrMoO1,5 


By combining these equations, we obtain for the complete reduction of SrMoO,: 


SrMoO, = SrO Mo 3H,0, 


Ig Kp = lg Kpt + 21g = — + 3,4293, 


from which 


= 46516—15,6925 T. 


Using for the reaction of water vapor formation 
Ha + = H,O 
an equation equivalent to the Chipman equation [12] in the temperature range 1000-1600° K 


AZty = — 59564 + 13,44 T, 


~O5 

> 

4 

=994° 

0,0314 4 

0,0123 0,0168 
0,0116 

0,0169 a 

q 

: 

(IV) 
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TABLE 2 TABLE 3 


First sta Second stage 


t.°c | Ke ay tc | Ke ay cal/mole| cal/mole oal/mole 


5 0,134 1200 27680 | 158010 
994 0,150 994 0,0119 1300 26120 | 152410 

1015 0,168 1400 24550 | 146975 225210 
1037 0,0169 1500 22980 | 141190 


1080 0,0194 1600 21410 | 135590 
1037 0,177 1122 0 ,0236 
1164 0,318 1284 0,0423 
0,405 


we obtain for the formation of SrMoO,: 


SrO + Mo + 8/,0 = SrMoO,, 


V 
AZ% = 3AZ%y — 


The calculated values of AZi AZ° and the average thermal effect of reaction (V) for the temperature of the 
experiment are given in Table 3. Taking account of the relationship between the heat capacities of the materials 
taking part in reaction (V) and the temperature 


C psrmoo,= 25,2086-+ 14,3195- 10-7713] 
Cosro = (14) 
0,347 
10° (15) 
Cyo, = 7,52 + 0,81-10-° — 468 


[15] 


we obtain the following equation for AZ.,, using the method of Temkin and Shvartsman [16}: 


AZ} = — 231138+62,86 T—T (M,Aa + M,Ab+ M_,Ac’), 


from which AH $93 = 231.14 kcal/mole; AS si = - 62.86 cal /mole deg, and AZ $08 = - 212.39 kcal/mole. 
The maximum error in the calculation of AZ y does not exceed 0.13% compared with the data in Table 3. 


Taking the entropies of the substances taking part in the reaction as SrO: S 99g = 12.5 [16]; Moz S%og = 6.83 
[15] 3/209; 75.50 (151, and taking AHSgg and for SrO as -141.1 kcal/mole and -133.8 kcal/mole 
respectively [18], we obtain for SrMoO, So = 29.97 cal/ mole - deg, AZ%g9g = -346.2 kcal mole and AH%o = 
= -372.2 kcal mole. In view of the absence of heat capacity data for StMoOs, we have had to restrict ourselves 
to the calculation of the thermodynamic characteristics of SrMoO, at 1273° K; AZ 4975 = - 211.8 kcal/mole 


AH 4273 = -279.6 kcal mole, and S*j273 = 72.65 cal mole - deg. 
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Giddings and Hirschfelder [1] have carried out a numerical integration of a system of differential equations 
describing the process of propagation of a laminar flame during a branched chain reaction, which was represented 
by a model reaction with one active center and included two processes: 2P > A quadratic chain rupture) and 
P+A->C + 2P (the process of chain growth and branching), 


A general solution of the problem of flame propagatiom for the case of a one-center model reaction has 
been given in [2], where relatively simple formulas for determining the rate of propagation of the flame, taking 
account of the effect of branching and the quadratic rupture of the chains, were derived for reactions of the 
degenerately branched type. According to the data given in [2], it is possible to obtain an approximate formula 
corresponding to the reaction scheme assumed in [1] and to determine the discrepancy between the value of the 
rate of flame propagation: given by this formula and the results obtained by numerical integration [1], as has been 
done for cases with nonbranched reactions [3-5]. 


The reaction scheme in which A is the original substance, P the active center, and C the reaction product 
is written, in accordance with [2], in the form 


A 2P (initiation =hrR(T’); 
P+ A ..2C + P (growth) Qn =hFn =hK (T’) nan; 
P+A ..C + 2P (branching) Qyn = hVn = hyKy (T’) nan; 


(P .. linear rupture) 


2P.., A (quadratic rupture) Qwn?= hwW (T’)n? *; 


Expressions for the rates of evolution (or absorption) of heat are given on the right. Here hg is the thermal 
effect of the reaction (cal/ mole); K; and W the rate constants of the reactions (g”/ cm*: mole : sec); R the rate 
of chain initiation 3 (mole/cm? - sec); n the concentration of P (mole/g mixture); n, is the concentration of 
A (mole/g mixture); and T the temperature (°K). It is assumed, in accordance with [2-5], that R = R(T") and 

F = F(T"). 


The rate of propagation of the flame up, according to [2], will be defined by the relationship 


4 
uy = pp 


*W is the rate constant of the consumption of P. 


4 
ae 
- 
boy, 
4 
4 
4 
4 
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where Pp is found from the equation 


pA, + + As) — pe (nAy— As — 


nA; + As) + A,= 


whose coefficients are calculated from the formulas: 


A, = (3) 


Az = (c + m, (4) 
As = 2Dmr [(c — Q5,, + 2CVmhw — t + thw) Quel (5) 
Ag = — Vn (C—Lhw) — CV mhw), (6) 
Ag = 4Din Aw: (7) 
Ag = 2D mtr (Qs + Vmhw) (8) 
A; = 2r? + thw) (R,,hw + Wms (9%) 
= 2Dmt (Rmhw — Wem + + — VmhwQpmls (10) 
As =F Rm + —VmQrm) — Bem Vm — 


— (Vin Qrm + 2W mR Rm +. Quen im) Ay). (11) 


In (1)-(11) the following symbols are used: p is the density (g/ cm’); c_the heat capacity (cal/g - deg C); 


Dp the diffusion coefficient of the active center P (cm 2/sec); X the thermal « conductivity of the mixture 
. 
(cal/cm sec - deg C); D = p Dp; T = T'-Ti t= Ty (Te-Ty)s Tm = 0.5 Te; Qs = Q+ = -No, ; 


Te 
t=ny +1 Ty and n = or . The subscript 0 refers to the initial state of the fresh mixture (T* = 0), the sub- 


script c to the state at the combustion temperature (T* = T}), and the subscript m to the state corresponding to 
the maximum value of the temperature gradient = 


In [2] the rate of quadratic chain rupture was assumed to be given by the expression W(n*-nj), which be- 
came zero when T' = Ty. This was unnecessary, since it was there assumed, on the basis of the scheme previously 
accepted [3], that R(T) = = 0, Here it is assumed that R(T)) = W(T, “ne, so that there is no need in this notation for 
the rate of quadratic rupture of the chains. 


For systems with branched reactions, the relations (1)-(11) may be simplified if it is assumed that the initial 
and final concentrations of the active center are zero(ny) =n, & 0,i.e.,2 ate 0). Even in this form, however, 
the expressions for Aj remain complex. It has previously been shown [3-5] that, for ordinary rates of chain initia - 
tion, their influence on the value of the rate of propagation of the flame is small. The same conclusions may be 
reached on the basis of the relationships derived in (2, 6]. Thus assuming that Rm & 0 (so that Qp,, & 0), we 
obtain instead of (2)-(11) the new formulas (A‘; = A'g = Aj = A = A'y = 0): 


— p? + As) Ar =0, 


(2") 


A, = 4Di,hw, 
Ay = cr*V m, 
As = + 2Vmhw); 


| 
where 
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From (2") we obtain an expression for the determination of p«: 


+ A.) 4A. A, 


The fraction under the root in (12) is always less than unity (this condition is also observed when Wy = 0). 
By expanding the root in (12) into a series and retaining the first two terms, we find an approximate value of 


P,» and substitution of this value in (1) gives an expression for determining the rate of propagation of the flame 
with the condition that np = ng = Rp = 0: 


+V Vm 


If in (13) we put F. 
we obtain the expression 


= 0, i.e., if it is assumed that a completely branched reaction is taking place, then 


Co(hy + hy) Vi, 
Mo = pote + (hy + Vp, (14) 


which corresponds to the simplification of the reaction scheme adopted in [1], consisting of only two processes: 
2P +A and P+ AC + 2P, 


The expression (14) was used to calculate the values of the rates of flame propagation for three cases, for 
which in [1] the values of up were determined by numerical integration of the corresponding system of equations. 
The calculations were carried out using starting data taken from [1]. The results of the calculations are given 

in Table 1, 


The data given in the Table illustrate the good agreement between the values of the rate of flame propaga- 
tion, calculated from the approximate relationship (14), and the values obtained by numerical integration [1]. 


Rates of Flame Propagation (cm/sec) 


k = Cy Py D po /Ao 


2 


Numerical integration [1] 


55.1 54.8 58.3 


From expression (14) 59.7 58.5 60.9 


This confirms the accuracy of the expression (14) and makes it possible to use it for the determination of the 
experimental values of the rate constants of the unit processes for branched chain reactions from the relation- 
ship between the rate of propagation of the flame and the temperature. 


An approximate expression has been obtained in [6] for the determination of the rate of flame propagation 
in the combustion of hydrogen by a branched chain reaction involving three forms of active center: 


Ne mP 


whereKy (cm*/ mole - sec) is the rate constant of the process H+ O, + OH + O; ng (mole/g mixture) the con- 
centration of O,; and Dpo (cm?/sec) the diffusion coefficient of the hydrogen atoms. 


= 
a 
a 
3 

3 
: 

ag 

My 
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If in Eq. (14) we put Wy, & 0 and hy & 9, we obtain a relationship corresponding to Eq. (15), which was ob- 
tained in [6] for the condition that W,, = 0. With a solution of Eq. (14) for the model reaction scheme, but taking 
account of quadratic chain rupture, it is possible to estimate the influence of quadratic chain rupture using Eq. (15). 


It has been pointed out [2] that (15) was not confirmed by comparison with data obtained by numerical 
integration, The data given in Table 1 can be used for this comparison and make it possible to use (15) to de- 
termine the experimental value of K} given in [2]. 


It has been established in [1] (Table) that a marked change in the diffusion coefficient of the active center, 
other conditions being equal, does not lead to an appreciable change in the rate of flame propagation, while the 
latter decreases as Dp increases, The relationship (14) makes it possible to explain this change in ug. In the 
numerical integration [1] an extremely high value was taken for the rate constant of quadratic chain rupture, 
for which the first term in the denominator of expression (14) is approximately 10-20 times the second. The 
calculated value of up is therefore almost independent of Dp. 


The authors of [2], using data from [7], gave the experimental ratio of the rates of flame propagation for 
two mixtures (0.21 H,+0.110,), one of which contained 0.68 A and the other 0.68 He. This ratio (Ug )pye/ (Up )A = 
= 2.40. The same ratio calculated using the expression (15) was found to be equal to 2.85. From (14) it follows 
that if the first term in the denominator under the root is much greater than the second, then ug, is proportional 
to the square root of the thermal conductivity, ug ~y Xo» and is practically independent of the quantity 
Dpm: In this case, when argon is replaced by helium, we should have (uo He /(Uo), = sy AHe/ Aa = 1.94. 

The experimental ratio lies between 1.94 and 2.85. From this it apparently follows that in this case, quadratic 
chain rupture plays a significant part, and it is possible to solve the opposite problem—to determine the experi-. 
mental value of the rate constant for quadratic chain rupture from the ratio 2.40. If the denominator under the 
root in (14) is written in the form (Cy A» + C,Dpm), where C, and C, are independent of \, and Dpm and equal 
in magnitude for the mixture with argon and the mixture with helium, then when AHe/ Ag = 3.76, (Dp) He Dp)a= 
= 1.74 and (Uo)p7, (Uoda = 2.40 [7], the ratio (Cy A0/CzDpm) a for the mixture with argon, calculated using (14), 

is equal to 0.52. This also shows that the influence of quadratic chain rupture is considerable. 


In order to find C, and C, and calculate the rate constant for quadratic chain rupture with ternary collisions 
Kwm = Wm m/ pine it is necessary to know all the quantities present in (14). When (CyA9 / C2_Dpm)a = 0.52, 
however, the calculation of Kw, can only be roughly approximate. For CyA9 > CzDp,,, such calculation would 
be much more accurate, but for this it would be necessary to determine (Up )He/ (up), at a lower temperatures, 
at which the effect of quadratic chain rupture should be much more marked than at temperatures of 2200-2400°K. 


Since the estimation of the quantity Ky, is approximate, its calculation for the above mixtures was car- 
ried out without calculating the combustion temperature and all the other parameters. All the quantities nec- 
essary for the calculation were taken from the data given in [6] for a mixture containing 0.43H, + 0.57 air. It 
was found that Ky,, & 10'’ mole’ sec. 
LITERATURE CITED 
{1] J. C. Giddings and J. O. Hirschfelder, Sixth Symposium on Combustion (N. Y., 1956), p. 199. 
[2] L. A. Lovachev, Dokl. Akad. Nauk SSSR 123, No. 3, 501 (1958). 

[3] L. A. Lovachev, Dokl. Akad. Nauk SSSR 120, No. 6, 1287 (1958). * 
[4] L. A. Lovachev, Dokl. Akad. Nauk SSSR 124, No. 6, 1271 (1959). * 
(5) L. A. Lovachev, Ddkl. Akad. Nauk SSSR 125, No. 1, 129 (1959). © 
[6] L. A. Lovachev, Dokl. Akad. Nauk SSSR 128, No, 5, 995 (1959). 


(7] C. E. Mellish and J. W. Linnett, Fourth Symposium on Combustion (Baltimore, 1953) p. 407. 


* Original Russian pagination. See C. B. Translation. 


320 


: 


THE MECHANISM OF CHAIN BRANCHING 
IN THE OXIDATION OF n-DECANE 


Z. K. Maizus, I. P. Skibida, and Corresponding Member 
Acad. Sci. USSR N. M. £manuél' 


Chemical Physics Institute, Academy of Sciences, USSR 

Translated from Doklady Akademii Nauk SSSR, Vol. 131, No. 4, pp. 880-882, 
April, 1960 

Original article submitted January 3, 1960 


In the majority of papers devoted to the study of the mechanism of hydrocarbon oxidation, it is assumed 
that the degenerate branching of the chains results from the formation of free radicals from molecules of inter- 
mediate hydroperoxides [1]. 


Direct experimental proof of this view has been given only recently [2). 


The rate of chain branching in the oxidation of n-decane was measured by the inhibitor method, and it 
was shown that the rate increases linearly with increase in the concentration of hydroperoxides in the system. 
In other words, the hydroperoxides are the chief branching agents. 


This conclusion has also been confirmed by the results of the work on the study of the kinetics of n-decyl 
hydroperoxide decomposition in the presence of a-naphthol [3]. It was shown that the rate constant for the de- 
composition of the hydroperoxide molecule to form radicals is of familiar magnitude to the rate constant for 
chain branching measured by the inhibitor method. The mechanism of the chain branching reaction, however, 


is not yet clear. Most authors consider that the primary decomposition of the hydroperoxide takes place accord - 4 
ing to the scheme 3 


ROOH — RO- + OH’. (1) 


At the same time N. N. Semenov [4] and a number of other authors point out that the formation of free radicals 
in a reaction between two saturated molecules may be energetically more favorable than simple monomolecular 
decomposition to form radicals. This takes place in cases where at least one of the bonds being broken is not 
very strong, and the bond being formed has a high dissociation energy. From this point of view, it might be 
expected that the formation of free radicals from hydroperoxides—degenerate branching —also takes place by 
bimolecular interaction between two saturated molecules according to the scheme 


2ROOH + RO- + H:0 (2) 


since the energy of the R-H and RO-OH bonds being broken is less than the energy of formation of the H-O bond 
in water. Evidence in support of reaction (2) is provided, for example, by the fact that a linear relationship is 
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= 
3 

4 

3 

or 
ROOH + RH + RO- + H,0, (3) 


1 


05 10 20 mole/liter 


RH 


Fig. 1. Relationship between the rate 

of branching and the concentration of 
hydrocarbon in the solutions. Chloro- 
benzene —decane (1): chlorobenzene — 
—isodecane (2); chlorobenzene —ethyl- 
benzene (3); and chlorobenzene —methyl 
oleate (4). Concentration of hydroperox - 
ides 0.03 mole / liter. Temperature 130°. 


tion 


tion of n-decane. 


aqueous layer with chlorobenzene. 


straight line for the a-naphthol consumption. 


520 my. 
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Q = Qu—on — Qro—on — Qr—n = 116—35—92 = — 11 kcal 


i.e., reaction (3), is 24 kcal more exothermic than reaction (1). In the case of hydrocarbons with a bond strength 
less than 81 kcal, however, this reaction should take place with a positive thermal effect. 


Since the difference between reactions (1) and (3) is that a hydrocarbon takes part in one of them, the 
rate of hydroperoxide decomposition should be found to be dependent on the hydrocarbon concentration in the 
case where branching takes place according to reaction (3). 


observed, as a rule, between the rate of the oxidation 
reaction and the hydroperoxide concentration. If the 
branching were due to monomolecular decomposition 
of hydroperoxide according to reaction (1), then in this 
case the reaction rate should be proportional to the 
square root of the hydroperoxide concentration. 


It has already been suggested in the literature that, 
when the concentration of hydroperoxide is not too low, 
its decomposition proceeds according to reaction (2) [5). 
The thermal effect of the bimolecular decomposition 
of the hydroperoxides Q = -9 kcal, i.e., it is 26 kcal 
more exothermic than the reaction ROOH + RO. + OH’, 
for which the thermal effect is Q = -35 kcal. 


It appears more probable that degenerate branch- 
ing takes place as a result of interaction between hydro- 
peroxides and solvent. The thermal effect of this reac- 
tion is dependent on the strength of the R-H bond in the 
hydrocarbon molecule, and, in a number of cases, reac - 
tion (3) may prove to be more favorable than the bimo- 
lecular interaction between two hydroperoxide molecules 
(especially since, in the medium of the hydrocarbon being 


oxidized, the hydrocarbon concentration is much greater than the hydroperoxide concentration). Thus, even in 
the case of n-decane, in which the strength of the C-H bond amounts to 92 kcal, the thermal effect of the reac- 


Some papers contain indirect reports of the possibility of a bimolecular reaction between hydroperoxide 
and hydrocarbon. In [2] it was shown that the chain branching reaction in the oxidation of n-decane is of first 
order with respect to hydroperoxide, with a rate constant of k = 6.8 - 10° exp-24,800/RT. The value of the 
preexponential factor is much less than that expected for monomolecular decomposition of the hydroperoxides. 
The suggestion that the primary decomposition of the hydroperoxide takes place by a bimolecular mechanism 
was also made in a recently published paper devoted to a study of the influence of solvent on the rate constant 
of the elementary reaction in the decomposition of tetralin hydroperoxide [6]. 


The aim of the present work was to examine the mechanism of the chain branching reaction in the oxida- 


Experiments were carried out to measure the rate of branching in solutions of n-decyl hydroperoxides in 
chlorobenzene, chosen as inert solvent, and in mixtures of chlorobenzene and n-decane. In the preparation of 
the solutions of the hydroperoxides in chlorobenzene, the hydroperoxides, obtained by oxidation of n-decane 
were converted to the sodium salts, which were then decomposed with sulfuric acid and extracted from the 


The rate of chain branching was measured by the inhibitor method described in [2], from the slope of the 


The concentration of a-naphthol in the solution was determined spectrophotometrically. The a-naphthol 
in the sample was extracted twice with 1 N NaOH and coupled with benzenediazonium sulphate; the intensity of 
the color of the latter was measured with a SF-4 spectrophotometer at the maximum absorption of the azo compound, 


mole /liter se 
50 
40 | 
40 
0 
= 


It was established that decomposition of the hydroperoxides takes place even in pure chlorobenzene (ap- 
parently by the reaction ROOH RO + OH 


With increase in the concentration of n-decane in the chlorobenzene, the rate of decomposition of the 


hydroperoxides (branching) increases linearly (Fig. 1, 1), which indicates that the reaction is of first order with 
respect to the hydrocarbon. 


We thus come to the conclusion that the chain branching in the oxidation of n-decane takes place by two 
parallel routes (according to mono- and bimolecular laws). 


The rate constant for the monomolecular decomposition, determined from experiments on the decomposi - 
tion of n-decyl hydroperoxide in pure chlorobenzene, is k, = 0.28 - 10° sec™!. The rate constant for the bi- 
molecular reaction between the hydroperoxides and n-decane is given by the slope of the straight line 1 and is 
found to be kp = 1.65 10° mole - sec! liter. 


Thus the rate constant for the branching reaction measured in [2] is the effective constant and may be 
represented as the sum of the constants k; and kp, using the equation kor = ky + ke [RH]. 


Assuming that in the oxidized n-decane [RH] = 5.2 mole/ liter, and substituting the values of the rate 
constants obtained in the present work, we find for the effective rate constant for the branching reaction 


keff = 1,1-107 sec", 


This value shows satisfactory agreement with the value for the rate constant for the branching reaction measured 
in [2], k = 1.9 - 1075 


In order to study the way in which the rate of branching depends on the solvent, experiments were carried 


out to measure the rate of decomposition of hydroperoxides in solutions of chlorobenzene with different quantities 
of isodecane, ethylbenzene, and methyl oleate. 


The slopes of the straight lines 1, 2, 3, and 4 (Fig. 1) gave the following rate constants for the bimolecular 
branching reactions: 


k, 10° mole! sec™ - liter 


Chlorobenzene —decane 1.65 
Chlorobenzene —isodecane 2.40 
Chlorobenzene—ethylbenzene 4.10 
Chlorobenzene—methy] oleate 16.6 


The value of the rate constant for the branching reaction is evidently greater, the more readily the given 
hydrocarbon is oxidized, i.e., the lower the strength of the CH bond in the hydrocarbon (decane 92 kcal, iso- 
decane 88 kcal, and ethylbenzene 17 kcal). 
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A number of extraction equilibria for electrolytes are characterized by the fact that the salt is dissociated 
in the aqueous phase, but in the organic phase is not dissociated, i.e., behaves as a nonelectrolyte. A detailed 
examination of these equilibria has been given in a paper by one of the present authors [1]. When solvents with 
a high dielectric constant are used, however (for example, in the extraction of chlorides with alcohols), this 
explanation is clearly incorrect, as follows from the comparatively high electrical conductivity of the organic 
phase (see Table 1). 


Comp. of { *cacl, g/liter 


aqueous phase ‘Hcl, mole/liter 2.6 


Comp, of the organic phase, (isoamyl 
Yuci- mole/liter 0,01 0,75 1, 2,34 3,3 


102, * : 6 26 5,0 
visca 6.3 6,6 


The table shows that the solution of HCl in alcohol obtained in the extraction has an electrical conduc- 
tivity typical of that for electrolyte solutions, i.e., dissociation of the HCl takes place in the organic phase. 
Let us examine how this affects the extraction equilibria. Using the distribution law 


Ao/ aw = k; ag = kaw, (1) 


where aw and a are the activities of the substance being extracted in - aqueous and organic phases, and k 

is the distribution constant. For hydrochloric acid, aw = (H’)o (C1"), Where y , ,, is the mean activity 
coefficient, the brackets denoting molal concentrations. In the —— phase when no dissociation takes place, 
ay = (HCl)oy 93 when dissociation takes place, a, = (H")(Cl” YoYo . If the extraction is accompanied by hydra- 
tion by m molecules of water and solvation by n molecules of . vent S, then when no dissociation takes place, 
a'=a and when dissociation takes place, = ayy o: Substituting in Eq. (1), putting (HCI), =x 
and (HCl), = y, and taking account of the fact that in the abesiot ra salting -out agents, (Hw = =(Cl1"),, =x and 
(H* 1" (CI), = = y, we find that when dissociation takes place in the organic phase, 


(H*)o (CI")o = &(H*)w(Cl wr / gio / (2) 


8,5 0.6 80,8 

6,1 7.5 12,0 

: 


5 mole/liter 


Sot 


As 
5 
4 
8 2 
0 
10 20 0 
(g/liter); X74 w (mole / liter) $f 
Fig. 1. Distribution of hydrochloric acid be- r 
tween water andisoamyl alcohol. 1) Relation- titit 
le /liter 
ship between y and x; 2) relationship between 
J qt 5) Fig. 2. Relationship between the distribu- 
H,O. tion coefficients of HC1 (1, 2 and 3) and 
CaCl, (4) and the concentration of isoamyl 
When no dissociation takes place in the organic alcohol S with dilution by benzene. 1) 
phase, = 4-2mole/ liter; 2) 2.6 mole/ liter; 
3) 0.75 mole/ liter. S = S, -2y,3,, or S = 
+ - nim Qo HCl 
(HCI)o = (CH) wS / Tow So-4yCa; So = mole/liter (as in the Russian 
original). 


y = / Yo: (3) 


Let us compare (2) with experiment [2]. The activity coefficient y , , for the solution of HCl in isoamyl 
alcohol, according to [4], decreases sharply in the concentration range 0-0.1 mole/ liter, but when x> 0.2 
mole/ liter the change is slight, so that we may take y,, = 0.05 = const. Then if no hydration takes place, 
m= 0, andEq. 2 predicts a linear relationship between xy zw’ 2nd y, which does not agree with experi ~ 
ment (Fig. 1, 2; y,y anda o are taken from [3]). If account is taken of hydration, however, and if it is as- 
sumed that m = 4 (from the change in volume of the phases, m = 4, and from Fischer titration, m = 3.5), then 
(2) shows good agreement with the experimental data (Fig. 1, 3); when + 207 0.05 and x is expressed in moles 
per kg, we find that k = 2.5°10-4.* Thus the extraction equilibria for hydrochloric acid are satisfactorily ex- 


plained on the assumption that the acid is dissociated in the organic phase and that 4 molecules of water are 
extracted simultaneously (m = 4). 


Even (3), which is based on the assumption that the nondissociated acid is extracted, may be made to 
agree approximately with the experimental data if it is assumed that the HCl molecule is solvated by 2 mole- 
cules of alcohol. A direct check of the way in which the distribution coefficient ¢44~, depends on the concentra - 
tion of free alcohol, carried out by the method involving dilution with benzene (Fig. 2), has shown that at high 
dilution, a ~ S? (for CaCh, a~ 's*, n= 4). Thus the chief objection to this mechanism is the high electrical 
conductivity of the organic phase. At high dilutions, however, this is no longer the case, since k decreases 


* This value should be compared with that calculated for zero activity coefficient for the ions y, [4], bringing 
the nonaqueous solution to the same standard state as the aqueous solution, so that aoyd =a, andk=1/ 19: 
We find that log k = - 3.6, instead of -2 log y, = - 6 according to [4]. The difference is probably related to 
the simultaneous extraction of HCl and water and the decrease in AG. jyation LEq-(6) 
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50 
XCaCl, Yew (mole/liter); Xcaci,/1 0 g/liter 
Fig. 3. Distribution of CaCl, between water and 
alcohols. Broken lines) relationship between y and x; 
solid lines) relationship between : and xy wi 1) iso- 
amyl alcohol; 2) butyl alcohol 


sharply with dilution (at xzzq] = 150 g/liter and alcohol contents of 100, 70, 40, and 30%, we obtain k * 10? = 
1.34, 0.27, 0.016 and 0.008 ohm! - cm™!,respectively). Thus, when the dilution of the alcohol by benzene 
(dielectric constant s 2) is sufficiently high, the dielectric constant decreases, and the undissociated acid is 
extracted. This mechanism is also possible in the extraction by pure alcohol [if the fraction of HCl extracted 
as undissociated molecules is estimated roughly by extrapolating the distribution coefficients obtained at high 
dilutions to high alcohol concentrations, we find that this fraction is ~ Gextrap % (ss 20-25%), but in (2) it is 
taken into account automatically by the activity coefficients y , |). 


The distribution of calcium, cobalt, and nickel chlorides can also be interpreted assuming dissociation 
in the organic phase, i.e., assuming + 2Cl"}w. {M* + 2Cc1} 


(Me™)o = Rime (Me™ )y (CI w (4) 


If only one salt is being distributed, with concentration x in the aqueous phase and y in the organic phase, 
then (M*"), = (C1), = y and 


= = Ry 40. (5) 


Equation (5) was checked for calcium chloride using the data from [2], and the result is shown in Fig 3. 
Fig. 3 shows that considerable deviation from (5) takes place; possibly a reducing coefficient should be introduced 
into the equation to take account of the hydration (it is sufficient to assume m = 6). Fig. 3 also gives data for the 
extraction of CaCl, by butyl alcohol. Comparison of the curves shows that butyl alcohol, which has a high ratio 
of oxygen to carbon and a high dielectric constant, is a more efficient extracting agent. This follows from the 
theoretical equation for the electrolyte —electrolyte equilibrium constant, which can be derived using the calcula - 
tion of the hydration energy according to [5] * 


RT Ink = — AGhydr 0,5 (1 / Dao — 1 /D gig ) + (6) 
where D is the dielectric constant, and z; and rj are the charge and radius of the solvated ions. For the two 


alcohols, In ky,,,,/1n Kamyl ~ (1/ Damyi"!/ Dpyt) > 0, and Kamyl < kpyt- On going to higher alcohols, the 
dielectric constant, and hence kaj¢, decreases, and the extraction properties become less satisfactory. 


*G solvation is the free energy of formation of the solvate sheath [AGgojyation 2€N oF 
TAS solvation: 


at 
g/liter 
g 
~ 2 4 7 
0 > 
- 
; 
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Let us now check (5) for the case of cobalt and nickel. According to the data given in [6] (for the extrac- 
tion of CoCl, and NiCl, by capryl alcohol), log a, o,Ni > ax-b, where a = 0,088, b = 5.8, and x is expressed in 
weight percentages. It can be shown that, for CoC], ‘and NiCl, at high concentration, the logarithm of the ac- 
tivity coefficient is linearly dependent on the concentration, log y, , = a;X-b,, and from (5) it follows that log 
@ = a;x-b, + log k Ys/yo which shows qualitative agreement with the data given in [6]. The quantitative agree- 
ment, however, is unsatisfactory (the slope of the log Y NIC = f(x) curve gives a, = 0.04 instead of a, = 0.088). 

It is possible that in view of the low dielectric constant of c Bm alcohol, the CoC}, is dissociated only to CoCl1* 
and Cl”, so that ag = y’y? +0 eff: In this case y = kV2(x Ys wr! ay or and log a = (1.5 a,x + 0.5 log x) + log k¥2 
¥o71-5 b;. When x > 20%, the term in brackets ws 0.08 x, i.e., a = 0.08, which is close to the result obtained 

in [6]. 


In the extraction of HCl with isoamyl alcohol in the presence of large quantities of CaCl,, it has been 


2)t = 
We can show that this follows from (2). We take account of the fact that 


the CaCl, is extracted to a much smaller extent than HCl, and it may be assumed that ae concentration of 
ca ion in the organic phase is determined only by the extraction of the HCl, i.e., (H* Ig" te ¥ 

In the aqueous phase, however, (H* dy = XHCI’ and (Cl~ a = Xo) + 2Xcq- Substituting the values for the tis 
concentrations in (2), we obtain 


= VRV + / V = VRB V = V (7) 
since Xqg = const s 5 mole/ liter > X}1¢}, so that B sw const. In the case of the distribution of cobalt chloride 
in the presence of CaCl,, it is necessary to solve simultaneously the distribution equations (4) for Co and Ca; 


dividing the first by the second, we obtain 


Boorca = OCo / Aca = Reo / Rca = const. (8) 


We have already shown [7] that 8co/ca = 5 = const. This result can now be very simply explained, for 
Kao =5 ko, (ke o > probably because > tcq). In the case of the extraction of CoCl, from an aqueous 
phase containing HCl, it is necessary to solve (4) and (2) simultaneously. Dividing the first by the square of the 
second, we finds 


/ Reoto = / w= aii,o = A = const. (9) 


Examination has shown that, when Xp] = 9-16-7 mole/ liter and x, = 19-50 g/liter, A = 20 + 2 = const. 


Co 
The considerable increase in the distribution coefficient of cobalt and in the separation coefficient 
BCo/Ni when HCl and CaCl, are added simultaneously [7] may be explained by a change to the extraction of 
the anionic complex CoC]y”, which gives the solution its blue color. At low dielectric constants, dissociation 

in the organic phase is impossible since k,,. ~ D~*. 


The authors wish to thank A. P, Ilozhev and T. A. Slepyan for measuring the electrical conductivity and 
the relationship between the distribution and the alcohol concentration. 
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We have investigated the activity over a wide temperature tange of a series of nickel catalysts (identical 
proportions by weight of nickel were deposited on different carriers) on the dehydrogenation of cyclohexane. 


As can be seen from Table 1, the apparent activation energy Q for the dehydrogenation of cyclohexane, 
calculated by the Arrhenius equation, as well as the relative adsorption coefficient of benzene z), determined 
by the formula derived in [3] and from adsorption data [1], depend basically on the nature of the carrier used. 
It has also been shown that z, is independent of the temperature, and that the relative adsorption coefficient 
of hydrogen zs is practically zero, i.e., hydrogen does not inhibit this reaction [4]. 


Q. E, 
o.| Catalyst | kcal 


TABLE 1 


Q, 
Nos,| Catalyst kcal | 


1] Ni/Al0, | 9,8| 4,0} 42,8 || 4| Ni/Niblack | 11,0] 2,4 | 43,7 
2 | Ni/silica gel | 4,8] 7,3 | 14,0 5] Ni/AlgOs | 10,8| 2,05] 13,0 
3 | Ni/AlsOs | 40,0] 2,4 | 13,0 6| kieselguhr | — 


To compare the results given in Table 1, we determined the following relation between the apparent 
activation energy Q and the relative adsorption coefficient of benzene 22: 


Q=E—klg2y, (1) 


where E and k are constants. A graph of this relationship is given in Fig. 1. 


A common kinetic equation(which we derived [5]) for unimolecular heterogeneous catalytic reactions in 
a flow system can, taking into consideration the fact that the % conversion m was < 30 and that the reaction 
rate was independent of pressure, be simplified [6] to give the following: 


where K is the rate constant, A, is the number of moles of r-th substance introduced into the reactor and z, is 
the relative adsorption coefficient of the corresponding substance. 


* The catalysts were prepared by a method similar to that in [1]; nickel black similar to that in [2], 


i 

2 

Fe 

% 

; 


TABLE 2 


Dependence of z, onthe Composition of the CgHg—CgHy, Mixture for 
Catalyst 2 


CeHe, % 


% 


89.9 
82.6 
65.5 


10.1 


6.0 
7.5 
8.0 


20.0 
>> 100 


17.4 


34.5 


56.9 
710.2 


43.1 
29.8 


For absolute activation energy E shown in Table 1 was calculated from the temperature dependence of the 
reaction rate constant determined from Eq. (2). The values of E were effectively the same for all the samples 
investigated. As can be seen from Fig. 1, the value E gives a straight line near the axis of ordinates. Thus the 
constant E in Eq. (1) is the absolute activation energy. 


For most of our investigations on catalysts the difference between E and Q was not great and remained 
around 3 kcal/mole, the exception being catalyst 2, nickel on silica gel, for which the apparent activation 
energy is only one third the absolute energy. It should be noted that the value of z, is at a maximum for this 
type of catalyst, and such a large difference between E and Q would follow from Eq. (1). 


Obviously the apparent activation energy will be equal to the absolute energy when z, = 1; this was also 
brought out by one of the authors [7] during a kinetic study of the dehydrogenation of cyclohexane and its homologs. 


We also derived a relation for catalyst 2 between z, and the amount of benzene in the initial mixture ac- 
cording to which z, increases with increasing percentage of benzene (as can be seen from Table 2). The depend- 
ence of z, on the amount of benzene in the initial mixture is shown graphically in Fig. 2. In Table 1 we have 
quoted z, for mixtures containing a small quantity of benzene for this catalyst. 


The value of the relative adsorption coefficient is determined by the relative lifetime of molecules of 
reaction product on the catalyst surface compared with molecules of the reacting substance [3]. For catalyst 
2 the benzene molecules remain on the catalyst surface 6-7 times as long as the cyclohexane molecules. It 
was shown in [8] that catalytic activity must take place on sites of average adsorption strength. 


If it is assumed that the benzene obtained as a result of the reaction is adsorbed initially on the most active 
adsorption sites, only slight inhibition by benzene will occur. Thus we should obtain the absolute activation energy 
from the temperature dependence of m. However, as the percentage conversion m increases, and the amount of 
benzene in the bulk phase and on the surface increases, more and more benzene will accumulate on sites of 
average adsorption strength. At this point inhibition by benzene occurs in the dehydrogenation of cyclohexane, 
as has been observed by a number of authors [4]. This inhibition shows that even under flow system conditions 
the catalyst for the reaction will not be that part of the nickel surface which catalyzed the reaction initially, 
but that part of the nickel surface which is partially covered by benzene. Taking into account the ability of 
the g -electrons of benzene to interact with the d-electrons of nickel [9], this effect must lead to a relation of 
the type z, = f(m). This relation will have greater effect on that catalyst having a larger value of z2, since in this 
case the benzene molecules will remain relatively longer on the catalyst surface. To determine the value of z 
by a kinetic method in this case, a mixture containing a low percentage of benzene should be taken, as we did 
for catalyst 2. This effect must result in a deviation in the value of Q. There is indirect evidence in the litera- 
ture which indicates the existence of this effect. One of us with Yur'ev investigated Q in relation to the per- 
centage of xylene in a xylene—dimethylcyclohexane mixture in dehydrogenation over Ni/Al,O3. It was shown 
that in a mixture containing up to 90% of the aromatic component, Q does not depend on the composition of 
the mixture (in this case z, = 1[17]). In addition to this, for the dehydrogenation of cyclohexane on a nickel/ pu- 
mice catalyst, we obtained Q < 5 kcal/mole (unstable catalyst) and z, ~ 20 even for mixtures containing 10% 
benzene. 
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kcal/mole 
Mc 


rie px o 


2 6 8 
Fig. 1. Dependence of Q on log z, for 
nickel catalysts; a) From kinetics, b) 
from adsorption, c) for nickel black, 
d) from the data of Balandin and Herbo 
(7, 11). 


Fig. 2. Dependence of relative ad- 
sorption coefficient of CgHg on the 
composition of the 
mixture. 


Thus the essential points of the observed effects can be summarized as follows: as long as the dehydrogena - 
tion of cyclohexane by nickel catalysts proceeds on activated sites of average adsorption strength, which are not 
covered to any significant degree by benzene molecules, there is no inhibition and z, does not depend on m. 


Only as the covering of the sites of average adsorption strength becomes significant does inhibition by 


benzene begin, leading to the relation z, = f (m), which is particularly significant for catalysts with large z, 
values, 


Here it is necessary to investigate this relation in order to determine the activation energy for the given 
case. The value of E obtained in this way for catalyst 2 agrees well with the value of E determined for the other 


catalysts (see Table 1). Another possible solution is to use a graph of Eq. (1), from which it is possible to obtain 
E for z = 1. 


It is interesting to note that Eq. (1) can be used to represent the data obtained by one of us for a series of 
dehydrogenation reactions of cyclohexane derivatives onNi/ A1,O, [7], and also for the data of Herbo for Ni/BeO 
(11) obtained by the use of some other methods and equations (Fig. 1). It is noteworthy that a value of E 114.0 
kcal/ mole was obtained in our laboratory [12] for certain other nickel catalysts on carriers. 
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It is often assumed [1] that, during the setting of mineral. cements, hydration must be completed before 
the attainment of maximum hardness in the setting material. This would follow from the views of A. A. Baikov 
on the setting process, according to which the development of the concreted material occurs through the crystal- 
lization of a gel into apolycrystalline concretion. However, comparative measurements of the kinetics of harden- 
ing and of hydration for various specimens of plaster of Paris, carried out by O. V. Kuntsevich, Ya. L. Zabezhinskii, 
V. B. Ratinov, and other [2-4], and by P. A. Rebinder and his collaborators [5-6], have shown that these processes 
are completed practically simultaneously, and the continued hardening of the calcium sulphate specimens sub- 
sequently is believed to be due to increase in the completeness of crystalline structure as a result of drying out. 


We have carried out a more detailed examination of this problem on suspensions of a- and g -calcium 
sulphate half-hydrate of various degrees of dispersion and with different values of the water-solid ratio (W/S) 
and have been able to show that, in general, increase in hardness is completed before the completion of hydra - 
tion, while the difference between the times of hydration and of hardening depends on the conditions of the 
experiment. Investigations have been made on suspensions whose solid phase consisted of 30% plaster of Paris 
and 70% finely ground quartz sand having a specific surface in conventional units, determined in the Tovarov 
apparatus, of 3600 cm?/g. 


The kinetics of the structure formation have been followed by means of a conical plastometer [7]. The 
kinetics of the hydration of the same specimens has been studied in a calorimeter with automatically controlled 
adiabatic sheath [8]. 


An example of the experimental results is shown in Fig. 1, which refers to q-calcium sulphate half- 
hydrate of two different degrees of dispersion. It appears from the figure that the maximum hardness of the 
crystal structure is attained appreciably earlier than the completion of the hydration of the half-hydrate. At 
this point, increase in hardness (which is associated with the crystallization of the bulk of the half-hydrate) 
ceases, and no further increase in hardness occurs (Fig, 1 A), but, for a high degree of dispersion of the initial 
half-hydrate, a reduction of hardness then takes place even during the completion of hydration (Fig. 1 B). 


The discrepancy between the time of completion of hydration and the time of structure formation is 
represented by the appreciably shorter time required for the attainment of maximum hardness T,,, compared 
with that for the completion of hydration Thy, and can be denoted h=(T.-r_)/r,,. The greater the value of 
h, which has the form of a fraction of the time required for full hydration, the Latier in the course of crystalliz- 
ing out the new structure does the increase in hardness cease; it may then even be replaced by a falling off in 
hardness. In this connection it should be observed that the sudden appearance of a reduction of hardness in the 
course of crystallization of a new structure is also observed in quicklime suspensions undergoing hydration-harden - 
ing [9]. 
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Fig. 1. The kinetics of structure formation (Py) and 

of hydration (q) as determined by heat evolution, for 

suspensions of a-calcium sulphate half-hydrate, when 
W/S = 0.4; t = 18°C. Conventional specific surface 

of the initial half-hydrate; A) 3000 cm’/g; B) 9700 
cm’/g. 


Fig. 2. Relationship between the relative Fig. 3. Relationship of h = (ty)-T.)/ 7H 

linear expansions of specimens of a-calcium for suspensions of a-calcium sulphate 

sulphate half-hydrate and; A) the degree of half-hydrate to; A) Degree of dispersion 

dispersion of the initial half-hydrate (W/S = of initial half-hydrate (W/S = 0.4); and 

= 0.4); B) the value of W/S (S; = 3900 cm*/g) B) the value of W/S (S; = 3900 cm’/ g); 

at t= 22°C. Composition of solid phase of t= 18°C. 

suspension: 30% calcium sulphate half-hydrate 

and 70% ground quartz sand. These phenomena may be explained by the partial 
destruction of the crystalline structure at its weakest points, 
under the influence of the tension produced during the di- 

rectional growth of the crystals, which become linked with one another through stable contacts, causing the devel- 

opment of the skeleton of a crystal structure [10, 11]. Further growth superimposed on this skeleton leads, on the 

one hand, to a hardening of the structure through increase in the size of the crystallites of which it is made up, 

and, on the other, to the development of an internal stretching tension which causes destruction of the structure 

and reduction of its hardness. These two processes of hardening and destruction proceed simultaneously, and are 

superimposed on one another. Depending on which of the processes predominates, we may account for either 

the continuous increase of hardening up to the completion of hydration, which occurs in the cases discussed in 

the papers mentioned above [2-4], or the cessation of growth shown in Fig. 1 A, or even its reduction while 

hydration is being completed (Fig. 1B). 


Since the internal tensions arise from the growth of the crystals which make up the structure of the solid, 
they would be expected to be stronger and arise sooner, the lower the degree of dispersion of the initial half- 
hydrate, for in this case the high supersaturations which provide for the formation of the crystalline skeleton are 


a 
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(Pind (Pm)s 
S;, 
W/S = 0.4 | W/S = 0.6 


3000 0.09 0.31 
3900 0.12 0.37 
7700 0.13 0.44 
9700 0.14 0.46 


maintained in the system for a relatively shorter time and are set up more slowly. Thus, very favorable condi- 
tions are created for the growth of the crystals which make up this skeleton. We should expect, therefore, that 
these stretching tensions would arise more abruptly in initial cements of lower dispersion. A similar effect on 
the magnitude of the tension should also be produced by the quantity W/S, since reduction of W/S also reduces 
the porosity of the structure and creates great difficulties in the way of growth of the crystals. The external 
result of the internal tension developed in the structure during its formation is expansion, which always occur to 
a greater or lesser extent during the hardening of the cements. The expansion increases with increase in the 
internal tension and should, therefore, be increased with reduction in the initial specific surface of the cement 
and in the value of W/S. Actually the investigations which we have made on the linear expansion of samples 
a-calcium sulphate half-hydrate, with different specific surfaces of the initial half-hydrate and different values 
of W/S, have shown that the relative values of these expansions show an inverse relationship to the quantities 
named (Fig. 2). 


The observed discrepancies between the time of completion of hydration and the time when the structure 
attains its greatest solidity seem also to be the result of the effect of the stretching tension. Hence the value 
of h, which represents this discrepancy, ought, like that of the expansion, to depend on the specific surface of 


the initial material and on the value of W/S. This is confirmed by the data given in Fig. 3. 


It is important to distinguish the cessation of hardness-increase, or its diminution, which occurs during the 
crystallizing out of the new structure from the reduction in hardness which occurs after the completion of hydra- 
tion on account of recrystallization (which leads to the breaking of the thermodynamically non-equilibrium 
crystal contacts). In the specimens we have studied, such reduction of hardness through rupture of these contacts, 
does take place, but is shown only during the more protracted investigations of the hardness of samples preserved 
under moist conditions. In contrast with the phenomena considered earlier, reduction in hardness owing to rupture 
of the crystal contacts proceeds more strongly, the greater the degree of dispersion of the initial cement and the 
greater the value of W/S (Table 1), which agrees with earlier published results [10, 12). 
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The industrial production of ammonia is based on the use of iron catalysts into which potassium and 
aluminum oxides have been introduced so as to increase their activity and stability. In spite of numerous studies, 
the chemical structure and the mechanism of the effect of the additive on the operation of the contact remains . 
up to now practically unexplained. This is true to an even greater extent of other additives (CaO, SiO,), by 
means of which significant improvements in ammonia catalysts have recently been effected [1]. In a series of 
theoretical studies [2], the catalytic activity and adsorptive power of semiconductors and metals have been con- 
nected with the electronic work function. £. Kh. Enikeev, L. Ya. Margolis, and S. Z. Roginskii [3] have estab- 
lished for NiO and ZnO a direct connection between the change in the work function and the change in the energy 
of activation of catalysis and of chemisorption, produced by the introduction of various modifying additions. For 
metallic catalysts practically no similar work has been done. It has therefore become a matter of interest to com- 


pare the change in the work function with the catalytic activity of modified iron catalysis in the synthesis of am- 
monia. 


The electronic work function was determined from the contact potential difference measured by the vibra- 
tional condenser method [3] with an accuracy of 0,01 eV. The reproducibility of measurements in different ex- : 
periments was + 0.05 eV. To obtain the connection between A g and the catalytic activity, it is desirable to 
carry out the measurements under the conditions of catalysis, but the very strict conditions for the ammonia syn- 
thesis (high temperature and pressure) make this at present very difficult to achieve. For the determination of 
the work function, passivated samples were taken after the determination of their catalytic activity in the col- 
umn. The catalysts were ground to fine powders in an atmosphere of nitrogen. Training was carried out by heat- 
ing in a vacuum or in an atmosphere of hydrogen at a temperature of 320-340° in the cell described earlier (3). 
The construction of the apparatus guaranteed that the conditions of training would be identical, and reduced to 
a minimum the influence of variation in the reference electrode on the measured quantity. The work function 
of all passivated catalysts in air was the same, and differences between the specimens arose only after training; 
this gives reason to suppose that the oxygen was removed from the major part of the surface. Table 1 gives val- 
ues for the magnitude of the contact potential difference V¢ (that is, the difference between the work function 
of the electrode under consideration and a standard gold electrode); the table also gives the values of A q (that 
is, the change in the work function for various promoted catalysts in comparison with the work function for non- 
promoted catalyst). 


The specimens of the catalysts were prepared under production conditions by the method of oxidative fusion 
of the iron with the introduction of various additives. The chemical composition of the catalysts studied before 
reduction is given in the left-hand portion of the Table, The activity of the samples was determined by a flow 
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method in a five-channel column at high pressure [4), 
/é inio which was fed 1-2 ml of each sample of catalyst 
ae of grainsize 2-3 mm. Before determination of the ac- 
tivity, reduction of the catalysts was carried out under 
& “af a pressure of 100 atm of a hydrogen-nitrogen mixture 
of stoichiometric composition (volume rate 30,000 hour”) 
by the method of stepwise temperature rise. The reduc- 
tion wascompleted by a two-hour exposure of the catalyst 
to a temperature of 550°. The usual duration of the reduc- 
tion was 32 hours. The determination of the percentage 
1 2ev of ammonia in the gas mixture was performed at a pres- 
“ip <<a sure of 300 atm, a temperature of 350-550° and a volume 
rate of 15,000-30,000 hour’. After determination of 
cific catalytic activities K (1) and K' activity, the samples of the catalysts were passivated in 
a current of nitrogen containing 9.1% oxygen at room 
temperature. The over-all surface of the passivated sam- 
. wires ples (Soy)* was determined by the BET method by the 
low temperature adsorption of nitrogen. From the chemi- 
sorption of carbon monoxide at -78° [5], the conventional size of that part of the surface free from promotor was 
determined (Spe in the Table). * 


T 


log K 


Fig. 1. Relationship between the spe- 


Catalytic Activity and Electronic Work Function for Promoted Iron Catalysts * 


' 
Chemical composition in [Specific rate] - 
1 0.2. |—! — | — | 14500 0 
2 
,2'52, 2 — | — | 46900 3.697 | 30 | 18 | 7.05 | 02 
pupity) | | 20000 2.2 | 5.510) 2.740} 40,8] 1.8 
6 [39,354.41 3:1 2:0 | — | 42:01 4244 [173-408 | 474-409 44551 2:0 


*We have also studied the catalytic activity and work function of Armco iron. A strip 

of Armco of over-allsurface 1 m? at 550° and 300 atm, and volume rate of 15,000 hour”! 
possessed practically no catalytic activity; this specimen possessed the greatest value of 
the work function. 

**About 0.5% of each specimen consisted of various impurities: MgO, MnO, P2,Os, SOx, 
Cr,O3, NiO and others. 

** *Conditions of test: P = 300 atm, T = 400°. 

**e*The quantity Spe was not determined for this sample. The table gives the value of 
Spe obtained from data in the literature for a sample of closely similar chemical composi - 
tion. 


* Such an interpretation of Spe, calculated from the limit of adsorption CO,perm; is conventional, but it gives 
some representation of the capacity of the surface for chemisorption of N,. The measurement of the surface was 
carried out by V. N. Shishkova, to whom the authors wish to express their thanks. 
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The catalytic activity of the specimens is shown in Table 1, in the form of rate constants for the reaction, 
calculated from the percentage of ammonia on exit from the column by means of the Temkin equation [6], and 
referred to unit over-allsurface, Ksy = K/S,,, and to unit conventional surface of iron free from promotor, 

K',, = K/Spe. It can be seen from the Table that the introduction of 10% of aluminium oxide, which had former- 
ly been thought of only as a stabilizing additive (specimen 2) causes some increase in the specific catalytic ac- 
tivity Ksp in comparison with the unpromoted catalyst (specimen 1). This change in activity corresponds to an 
insignificant reduction in the work function (0.2 eV). Addition of 2% potassium oxide (specimen 3) increased 

the catalytic activity 150-fold. The work function for this was reduced by 1.1 eV. The activity of thedoubly 
promoted catalyst (specimen 4), containing 2.3% K,O and 4.8% Al,O; increased 200-fold, and the work function 
was reduced by 1.3 eV. Addition of CaO (specimen 6), or CaO + SiO, (specimen 5) still further increased the 
catalytic activity and diminished the work function. 


Figure 1 shows the large, regular increase of log K,), with reduction in the electronic work function (1). 
The extreme samples differ by 2 eV in their work function and by a factor of 450 in their specific catalytic ac- 
tivity. In view of the fact that the capacity for chemisorption of nitrogen per cm? of catalyst surface is diminished 
by promotion, it is of interest to compare the work function with the specific catalytic activity referred to unit 
conventional surface of iron. Curve II in the same figure shows the change in the quantity log K',p,on change of Ag 
and reveals that the relationship obtained may be represented by a straight line.* 


At constant values of temperature and Ko, the Arrhenius equation relates the change in catalytic activity 
of different specimens to change in the activation energy by the relationship: 


jA lg Kgp = AE. (1) 
From the experimental data 
jAlgK., (2) 
from which it may be concluded that 
AE = aAg. (3) 


The most reliable values for the activation energies are those known for catalysts numbered 1 and 4(Table 1) 
E chariges from 65 + 4 kcal/mole (specimen 1) to 40 + 2 kcal/ mole (specimen 4); that is, AEkin,, ‘” 25 
kcal/mole, The change in the work function, A » = g4-g; = 1.3 eV. By converting electron volts into kilo- 
calories per mole, we obtain AE,, around 30 kcal/mole, which is close to AEjjn, ,s that is, a in equation (3) 
is close to unity. Thus the change in the energy of activation with change in work function is larger than the 


effects predicted by the theory of Budar for metals, and corresponds to the effects predicted theoretically for 
semiconductors [8]. 


The magnitude of the coefficient « obtained from the slope of the straight line II on Fig. 1 is considerably 
less than 1 (a* = 0.26) which may be accounted for by the presence of some compensating effect, or by insufficient 
accuracy in the values of Ej4,3and Eking which have been used. For a more thorough understanding of the con- 
nection between catalytic activity and work function it is necessary to study a larger number of catalysts, and to 
carry out the measurement of ¢ under catalytic conditions. Quantitative comparison of AE,j;, and AEg) and 
estimation of the size of the compensation effect, more careful measurements of the activation energy are needed. 


In spite of the defects which have been mentioned, the data in this work show a nearly exponential increase 
of the rate constant of the ammonia synthesis, calculated on the basis of unit conventional iron surface, with the 
reduction in the work function on promoted iron catalysts: 


K"sp.prom. ~ 4 ¢)- 


* For a definite conclusion as to the nature of the dependence of log K'on - A g it would be necessary to in- 
vestigate a larger number of catalysts, and this we are at present engaged in doing. 
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Apparently the reduction of » affects in the first instance the E of the reaction,reducing its value. This 
points to an electronic mechanism for the effect of the additive, and explains the reason for the superiority of 
3- and 4-component catalysts. 


Any more detailed review of the mechanism of the effect of additives would lie outside the scope of the 
present communication. 
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The equilibrium of lead tungstate has been studied by means of the circulation method described in detail 
in the literature [1-6]. 


The lead tungstate was prepared by precipitating a solution of potassium tungstate by a solution of lead 
acetate, using stoichiometric proportions. The starting salts were of Ch. D. A. (Pure for Analysis) standard, and 
were purified by recrystallization. The precipitate of lead tungstate was carefully washed, dried and roasted 
at 800-900°C. Analysis of the product by the method of Hillebrand and Lundell! [7], established within an ac- 
curacy of 0.5%that thestructure corresponded to the formula PbWQ,. Hydrogen for reduction was obtained by 
the electrolysis of a 20% sodium hydroxide solution. 


A definite weight of lead tungstate in a porcelain boat was placed in the quartz reactor. The reactor was 
itself contained in a tube furnace, the temperature of which could be maintained constant to within + 1°. The 


temperature was measured by means of a platinum-platinorhodium thermocouple, previously calibrated at the 
melting points of chemically pure metals and salts. 


The water vapor pressure was given at the saturation temperature, using doubly distilled water placed in 
an ultrathermostat. The temperature of the ultrathermostat was held constant to within 0.05°. The total pres- 
sure was measured by means of a mercury manometer with an accuracy of 0.1 mm. The equilibrium constant 
was expressed by the formula Kp = o/ PH The gross composition of the products of the reduction was deter- 
mined by the decrease in weight of the product (the solid lead tungstate), or by the volume of hydrogen used up. 
The determination of the gas composition was carried out by means of x-ray investigation of the reduction prod- 
ucts by the Debye method, using a chamber of diameter 57 mm at the copper anode. 


The reduction of lead tungstate proceeds in four stages: 


10 PbWO, + Hz = 10 PbWO, , + H,0; 4) 

60/39 PbWO, -+ Ha = Pb +- 5/5) WO, + (II) 
WO, + Ha = 59/36 + H20; (III) 
WOs + Ha = W + H,0. (IV) 


It should be said that the reduction of PbwO, to PbWOs,g is considered simply as a formal stage, since we 
take into account the corresponding portion of the isotherm in calculating the thermodynamic characteristics of 
PbWOQ,. We have actually not been able to observe any change in the structure of the material corresponding 
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Fig. 1. Isotherms of the reduction of Fig. 2. Relationship between log K 


lead tungstate. Temperatures: a) 675°; and 1/ T for the second stage in the 
b) 825°. reduction of lead tungstate. 


to the loss of about 0.1 atom of oxygen per molecule. In addition to this, the equilibrium constants for this 
stage are quite high, and suddenly diminish with composition, which creates considerable difficulties in their 
measurement. This part of the isotherm has not, therefore, been considered as thoroughly as the others. 


For the calculation of the thermodynamic characteristics of completely reduced PbWO,, the first stage 
must be taken account of by integrating log Kp, against the number of oxygen atoms, n, from n = 4 ton = 3.93 


Az® 3,9 
TNT =— \ Ig Kpi dn. 


The low accuracy of the high values of the equilibrium constant obtained by us for this interval of n makes 
it possible to carry out the integration as a straight line function, or, what comes to the same thing, to use a val- 
ue of K, obtained by interpolation of the straight line for the mean value of n, and to substitute the slope of the 
line at the equivalent stage. If we take the values of log Ky for n = 3.95 on the straight line log Kpy = f (n) 
obtained by a graphical approximation, we have, for T = 825°, log Kp = 0.763; and for T = 675°, log Kp = 0.672. 


The equation of the straight line through the two points has the form: 


Ig Kp: = — 633,6 T-? + 1,3404, (1) 


In the second stage of the reduction, metallic lead and the tungsten oxide WO,,7. are produced, while in the third 
and fourth stages the oxides of tungsten are reduced. Table 1 gives the relationship between the equilibrium con- 
stant and the gross composition of the products of reduction. The same relationship is depicted in Fig. 1. 


Table 2 and Fig. 2 give the relatidnship between the equilibrium constant and the temperature for the 
second stage of reduction of the lead tungstate. The data of Table 2 are represented with an accuracy of + 0.5% 
by the equation: 


Ig = — 2227,5 + 2,3635. (2) 


For the third and fourth stages we have used the equations provided by I, A. Vasil'eva and her collaborators 
[6], since our data on the reduction, and the results of x-ray analysis agree with the data of Vasil’'eva within the 
limits of experimental error. 


Ig Kom = Ig Py. / Py, = — 904,83 T-* + 0,90642; (3) 
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Ig Kpiv = Ig Py. / Py, = — 2325 T-* + 1,650. (4) 
By combining equations I, II, II and IV we obtain, for the complete reduction reaction of lead tungstate: 


5) 
Ig Kpv = 0,4 lg Kpt + 1,18 lg Kon + 0,72 lg + 2 lg Kpwvi 
Ig Kpv = — 8054 T™ -+ 6,8756, 

hence, 
TABLE 1 
Gross composi- | K Kp at || Gross composi- K at Kp at 
tion of the = | a || ton of the ease | 
solid wae | 875° solid 
PbWO, 10,2 | 9,9 PbwWO, | 1,38 
PbWOg 8,9 | 8,8 PhWO,',, | 1,34 
PbWO, 9, 6,5 | 4,7 | 1,218 
PbWO, 5,2 | 4,77 PbWO,,, | 1,214 
PbWO, 93 4,4 | 1,76 PbWO, | 1,209 
PbWO, 3,98 | 41,25 PbwO,, | 1,201 | 0,3520 
PbWO, 99 3,6 | 1,06 PbWO,,, | 0,7611 | 0,293 
PbWO, 5 2,2 | 1,04 PbWO,') | 0,6365 | 0,242 
PbWO, , 2,14 | 1,03 PbWO, | 0,4448 | 0,216 
PbWO, 9 2,2 | 1,03 PbWO,, | 0,3345 | 0,1790 
PbWO, 75 1,91 | 0,898 PbWO), |. 0, 1558. 
PbWO, 1,88 | 0,87 PbWOy 13 0,3394 
PbWO, 1,63 PbWO,, 0,3402 

By combining reaction (5) with that for the production of water vapor: 
Hy + */:02 = H,O, (6) 
We obtain, for the reaction of formation of lead tungstate from its elements: 
Pb, + W-+ 20, = PbWQ,, 7) 


For the formation of water vapor we use the equation of Chipman (8); 
AZ} = — 5925 13+ 0,871 T In T —7,5- 10-5 T* + 408000 + 6,8085 T. 


Table 3 gives the calculated values of AZ}, AZ{yz; and the mean heat of reaction (7) for the temperatures 
of the experiment. 


To calculate the thermodynamic characteristics under standard conditions of the reaction: 


Pbrn-+ W + 20, = PbWOQ,, (8) 
we proceed in the following way. By calculating the relationship between the heat capacity and the temperature 
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TABLE 2 


Temp °C 


825 
710 


761 
713 
675 


1.53 
1.275 


1.035 


1.04 


TABLE 3 for liquid lead (Phyig ) and all the remaining participating 
species, we may calculate the thermodynamic functions 


Temp.| ,.0 Ho of reaction (7) for the melting point of lead, T = 600.6°K: 
cal/molejcal/mole | cal/mole Copp 1 = 7,7633 — 0,73714-10-°T [12 


973 45962 | —191762 CpPbwo, = 28,505 9,412. 107 
1023 +4388 | —187648 


—273770 70, = 7,52 + 0,81 -10-°T — 1057-2 Ete) 
1073 2816 | —182616 
1123 —179123 Cow = 5,74 + 0,76-10°97 (101 


For ACp we have: AC, = - 0.038 + 7.769 - 10°° T + 


+1.8°10° 
Hence: AH‘, = AHy-0.038 T + 3,884  10°°T?-1.8 10°T™!, 


P 


Substituting the experimental value AH = = -273,770 cal for the mean erpecienat temperature T = 
= 1048°K, we obtain AHy = - 277,824. Further, we may write the equation for AZ‘: 


AZ} = — 277824 + 0,038 T In T — 3,884- 10°72 — 0,9. 1057 + IT, 
where I is an integration constant, which is evaluated by inserting some experimental value of AZ. The value 
obtained is Inean = 92.12. 


Thus, for reaction (7) at T = 600.6°K, we obtain: AZ%o.g = - 223,734 cal /mole; AHgo9.¢ = - 276.746 
cal/ mole; AS{oo,g = - 88.26 cal/mole - deg. 


Converting to solid lead (Pb, ), and taking AH for the fusion from [11] to be 1200 cal/mole, and AS to 
be 2. 03 cal/mole - deg, we obtain for reaction (8) at 600.6°K the following values; AH{o9,¢ = - 275,526 cal/ mole; 
= — 86.23 cal/mole grad; = — 223734 cal/mole. 


We now convert to a temperature of 298°K. The heat capacity for each of the participants in the:reaction, 
remains the same except for Pb,.). For this we take: 


Cppbsol = 5.640 + 2.30 10°°T (12). 


Subsequent calculations follow the plan outlined above. As a result, we obtain for PhWO,: AZ$og = -250.0 
kcal/mole; = - 277.0 cal/mole; = - 89.48 cal /mole deg. 


the entropies of the constituents the reaction as Pbgoj: = 15.51 [10]; Ws Sfog = 8.00 [10]; 
Op: Soop = 49.00 [10], we then obtain PbWOg: Soop = 32.03 cal/ mole deg. 
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The double electrical layer at the surface of a metal and a solution plays a most important part in elec- 
trochemical and colloidal processes. The basic theoretical ideas concerning the structure of the diffuse double 
layer were formulated in the works of Gouy,Chapman and Stern [1]. In papers [2-4] attempts have been made 


to improve the theory of the double layer by taking into account a number of factors left out of consideration 
in the works just mentioned. 


Although the Gouy-Sterntheory describes the properties of the double layer over quite a wide range of 
potentials and concentrations, the neglect of interionic interactions which is characteristic of this theory leads 
in a number of cases to a divergence between theory and experiment [5-8]. This is especially true of those 
experimental data which concern nonequilibrium processes taking place in the double layer. 


One of the possible causes leading to this divergence between theory and experiment is that which was 
emphasized by A. N. Frumkin [9], namely, the neglect of the discrete nature of the ionic layers. Efforts to 
develop theoretically the idea of the discrete structure of the charge in the double layer have been reported in 
the works of Esin and Shikhov, of frshler and of Grahame [2-4]. 


It is also very important to take account of successive-statistical considerations of other aspects of the 
problem of taking account of the interionic interaction in the theory of the double layer. At the basis of the 
theory of the diffuse double layer lies the assumption of the finite nature of the layer. This would mean that 
the potential of the field in the double electrical layer may be calculated on the basis simply of the distance 
from the surface of the metal. It is clear, however, that in reality the interionic interaction ought to lead to 
some regularity in thespatial disposition of the ions in planes parallel to the surface of the metal electrode. 

On the other hand, The Gouy-Stern theoryis found to be applicable to solution concentrations at which, it would 
seem, the assumptions on which it is based can hardly be justified. Finally, it must be noted that the absence of 


a positive adsorption effect of ions on the metal surface near the point of zero charge cannot be interpreted on 
the standpoint of the Gouy theory. 


Thus, although the theory of the double layer is widely and generally applied in electrochemistry and 


colloid chemistry, its statistical basis and the limits of its applicability cannot be regarded as having been es- 
sentially elucidated. 


In this paper we describe an attempt to construct a successive-statistical theory of the double layer at the 
metal-electrolyte surface. 


At the basis of the generalization of the theory lies the correlated function method worked out by 
Bogolyubov [10, 11], and by Born and Green [12]. In describing the boundary between two phases it is necessary 
to generalize this method for the case when an external field is present. For high concentrations of the solution, 
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the calculation of the thermodynamic characteristics of the diffuse double layer may in principle be carried on[10] 
the basis of “successive approximations". The mathematical difficulties are, however, very considerable. 


Therefore, a consistent representation of the theory of the double electrical layer is possible if the values 
in the starting equation are low. When the volume concentrations of the solution are not too great, it is found 
possible to use as the relaxation parameter the nondimensional quantity ¢ = v/ ri, where v is the specific vol- 
ume, and ry is a characteristic length depending on the temperature and concentration of the solution. By the 
configurational space method [10, 11] have been found unary and binary functions for the distribution of the 
first and second approximations of the parameter e. 


It is not possible to present here the complicated procedure [12], and therefore we set out only the sum- 
mary of the results. 


The first approximation leads to the general Gouy theory of the double layer. In the second approximation 
(the approximation of self-consistent field) the centers of the ions located in the external field are independent 
of one another, and the mean field does not depend on their mutual position in the planes parallel to the boundary 


This approximation is obtained from the Gibbs distribution on the basis of two conditions: that the concen- 
trations ofthesesolutions is so small that N « Ng, where Nog is the number of molecules of the solvent; and the 
absence of correlation between the positions of the ions. 


These conditions permit a unique solution of the problems of the self-consistency of the Poisson-Boltzmann 
equation in the theory of the double layer. This, in contrast with the similar equation of Gronwall, la Mer and 
Sandwed for a bulk solution [13], does in fact appear to be self-consistent. The physical premises underlying 
the approximation under discussion make it possible at the same time to point out the limits of applicability of 
the ordinary theory of the diffuse double layer. 


The development of the ordinary theory of the double layer into the successive -statistical theory, makes 
it possible also, in principle, to estimate the effect of correlation of the ions, on the basis of any arbitrarily chosen 


law of interaction between them. This effect is described by the second and subsequent approximations by the 
parameter 6. 


At charges close to zero, the calculations are greatly simplified on account of the low value of this second 
parameter, 6 = €yo/kT (where gg is the electrode potential). 


Calculation taking account of the correlation between the positions of the ions gives a basic value in the 
immediate neighborhood of the electrode surface (that is, where x « 1/ x, where 1/yx is the effective thickness of 
of the double layer). In order to calculate the correlation, it is necessary to take into account the requirement 
of equipotentiality of the metal surface, as by the introduction of image forces. It is necessary also to take 
into account the finite size of the ions when considering their closeness to the surface of the metal. To simplify 
the calculation we assume that both kinds of ions have the same radius. The separation of the correlation func- 
tions of the first and second order in a series according to the values of the small parameters of the theory— 

e and 6 —has made it possible to calculate the correlation functions which determine the probabilities of 
the mutual position of the ions, the distribution of the mean concentrations and the mean charge densities, and 
the potential of the self-consistent field in the double layer at the second approximation (that is, to calculate 
the correction tothe Gouy theory of the electrical double layer). In this connection it has been shown that the 
correction to the characteristics of the double layer determined directly by experiment is practically nil. In an 
unsymmetrical electrolyte it differs from zero, but is very small. This calculation makes it possible to under- 
stand why the theory of Gouy agrees with experiment to a considerable degree of accuracy, even though the con- 
centration in the double layer is not as low as the development of this theory assumes, 


We also calculated in the course of this work the adsorption of ions on the electrode near the point of zero 
charge. Inthe Gouy approximation no positive adsorption effect is allowed for, since the number of ions under- 
going attraction and repulsion at the metal surface is,on the average,the same. 


In the subsequent approximations it is necessary to take the image forces into consideration. It has been 


shown that these in such a case play a very important role, in preventing the accumulation near the metal sur- 
face of ions of any one sign. 


a 
: 
350 


As a result of the calculations, it has been shown that for the second approximation, also, the numbers of 
attracting and repelling ions are equivalent. Hence the effect of located adsorption on account of the electrical 
forces, when these are near to the zero point, appears to be extremely small. The small effect of negative adsorp- 
tion which is observed experimentally is apparently due to forces of a nonelectrical character. 
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In 1950, on the basis of a detailed examination of experimental data on polymorphic metals, one of us 
established a rule [1] according to which the form of a polymorphic metal corresponding to the highest tem- 
perature is the one with the highest plasticity, i.e., it should have the cubic crystal structure, predominantly 
face-centered, which favors plastic deformation. From this rule, a number of important theoretical and prac- 
tical conclusions were drawn. Since then the rule has been confirmed by a number of papers devoted to the 
study of new and rare metals [2, 3]. 


The rule is illustrated by the data in the table, which lists polymorphic metals, together with their crys- 
tal structures and the temperatures of the changes from one modification to another (an exception is tin, whose 
high-temperature modification has a complex tetragonal lattice). The appearance of plastic high-temperature 
modifications is apparently explained by the fact that in all phase changes, the crystal structures most stable 
at the higher temperatures are those which are simplest and most symmetrical, since these have the lowest free 
energy and greatest entropy. 


It may be assumed that the existence of different polymorphic forms of a substance is due to a change in 
the electronic structure of the combined atoms and to the corresponding qualitative changes in the interatomic 
bonds, with change in temperature [4]. Increase in temperature apparently leads to an increase in the propor- 
tion of metallic bonding. The electronic state of the combined atoms of a metal and the number of free elec- 
trons per atom, or electron concentration, are apparently affected by temperature changes. Different polymorphic 
modifications correspond to different electronic states and different electron concentrations. 


According to the zone theory of metals, the number of free electrons per atom of a given polymorphic 
modification, or electron concentration, determined the degree of filling of the Brillouin energy zones, which 
in turn determines the crystal structure shown by the polymorphic modification in question. 


According to the theory of Jones [5] and Hume-Rothery [6-9], the limiting electron concentration corre - 
sponding to the point where the Fermi surface touches the first Brillouin energy zone [point of inflection on the 
N(E) = f(E) curve} has the value 1.36 for the face-centered cubic structure, 1.48 for the body-centered cubic 
structure, 1.41 for a structure of the g -Mn type, and 1.75 for the close-packed hexagonal structure. 


The table shows that for polymorphic metals, with the exception of calcium, strontium and tin, the 


polymorphic changes accompanying decrease in temperature take place with a definite sequence of crystal 
structure changes: C12 (C8) ~. H12 (complex). 


Decrease in temperature leads to the appearance of the close-packed hexagonal structure, or a complex 
structure, in place of face or body-centered cubic structures, The H12 structure is stable at higher temperatures 
than the C12 structure only in the case of calcium and stronium ; in ten cases out of 12, however (scandium, 
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Polymorphic Modifications of Metals 


Crystal structure of modifications 
Metal M. Temp. of 
Calcium 854 | © 412 H 12 350, 450 
Strontium 770} C 42 H 12 248, 614 
Scandium 4205 | H 12 C 12 ? 
Lanthanum 920 | H 12 C 12 260, 868 
erlum 805 | H 12 C 12 — — _ 754 
Praseodymium] 935 12 Cc 12 798 
Neodymium | 1020 12 C 12 §68 
Samarium 1050 | Rhombo- Close to ap _ _— 917 
hedral 
Titanium 1680 H 12 8 885 
Zirconium 1857 | H 12 Cc 8 862 
Hafnium 2230 H 12 Cc 8 1310 
Neptunium 640 | Rhombic — cs 278, 540 
Manganese 1244 Complex Complex C12 C8 -— 727, 1090 , 1134 
cubic cubic 
Iron 1530 c 8 8 c12 c8 — 910, 1405 
Cobalt 1490 H 12 350—470 
Thallium 303 H 12 C 12 230 
Tin <32 |Complex | Tetragonal | — oni 13—18 
( 
mond t complex 
Plutonium 637 | Monoclinic | Complex |Rhom 12 (face - C8 | 122,203,317, 
unknown centered 453, 477 
Thorium 1750 | 12 C8 — [tetragonal | 1400 


Note: C12 = face-centered cube, H12 = close-packed hexagonal lattice, C8 = body- 
centered cube. 


lanthanum, cerium, praseodymium, neodymium, titanium, zirconium, hafnium, cobalt, and thallium), the H12 
structure is stable at lower temperatures than the C12 or C8 structures. In the remaining cases, complex struc- 
tures (8 -Mn, a-Mn, rhombic, etc.) are stable at low temperatures and the C12 or C8 structures are stable at 
high temperatures. 


From this it follows that with decrease in temperature the crystal structure of the polymorphic modifica - 
tions changes in such a way as to lead to stepwise increase in the limiting electron concentrations (an exception 
is the stepwise nature of the change in the crystal structures of the polymorphic modifications observed for cal- 
cium and strontium). At low temperatures the stable crystal structures are those with higher limiting electron 
concentration, while the high-temperature modifications have lower limiting electron concentration. From the 
step-wise nature of the change in the crystal structures of the polymorphic modifications of metals it may be 
concluded that with decrease in temperature, a polymorphic substance passes through a succession of states char- 
acterized by a definite electron concentration. This electron concentration increases constantly as the tempera - 
ture decreases, and leads to the step-wise change in crystal structures. It may also be concluded that the number 
of free electrons per atom in polymorphic metals increases with decrease in temperature. 


In some cases (Manganese, iron, plutonium and thorium), this sequence is broken— with increase in tem- 
perature, the modification corresponding to the highest temperature, with C8 structure and limiting electron 
concentration 1.48, is converted to a modification with C12 structure (limiting electron concentration 1 36). 

This discrepancy becomes understandable if it is assumed that at these temperatures (close to the melting point) 
the electron concentration in the polymorphic metal is less than 1.36 and close to 1.0. At electron concentra- 
tions close to 1.0, the face-centered and body-centered cubic lattices have identical stabilities [6-8]. The face- 
centered cubic lattice is preferred in the presence of forces produced by overlap of the electron clouds of the 
ions. In the absence of overlap, the body-centered cubic structure is favored. For these metals, the conditions 
leading to overlap of the electron clouds apparently changes significantly with change in temperature. 
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Thus the rule concerning the plasticity of the high-temperature modifications of polymorphic metals has 
a deep physical significance. It apparently indicates a close relationship between the polymorphism and the 
change in the electronic structure of the atoms of the polymorphic metals with change in temperature. 
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There seems to be no evidence in the literature of any experimental work devoted to the investigation of 
the direct interaction of isopropyl radicals with molecular oxygen. Works devoted to the study of the photochem- 
ical oxidation of hydrocarbons in no way contribute to an understanding of those in which the direct interaction 

of aliphatic radicals and oxygen is considered, since the effect of the light is exerted not only on the hydro- 
carbons, but also on the oxygen [1], as well as on the products of oxidation themselves, so that new radicals, 

and such atoms as H and O, are formed by this process. Because of this, it is not possible, by the photochem- 
ical method, to distinguish between primary, secondary and repetitive * reaction products, etc., therefore it is 
difficult by this method to draw unequivocal conclusions as to the reaction mechanism. This is especially true 

in mercury-sensitized reactions. 


We have decided to investigate the problem of determining the reaction products of the interaction of 
isopropyl radicals and oxygen molecules, using strictly regulated conditions in which the effect of light on the 
reaction products, such as occurs in photochemical experiments, would be eliminated. For this purpose we have 
used the method which we have presented previously [2, 3] in connection with the investigation of the reaction 
of the ethyl radical with the oxygen molecule. 


EXPERIMENTAL WORK AND DISCUSSION OF RESULTS 


The isopropyl radicals were obtained by us by means of the reaction of hydrogen atoms, produced in a 
stream of gas by an electrical discharge through hydrogen, on propylene. A conical connection between the 
discharge and reaction vessels made it possible to separate the region in which the hydrogen atoms were prod- 
uced from that in which the reaction: H+ C3Hg - iso-C,H, took place. The surface of the reaction vessel was 
coated with potassium chloride. The work of Bradley, Melville and Robb [4] has shown that the reaction be- 
tween H and C3Hg produces preferentially the isopropyl radical. In order to avoid any possibility of the sub- 
sequent reaction: H + CsHy-. CH, + C,Hs, the propylene in the reaction zone was used at pressures of from 0.3 
to 0.5 mm of mercury, which exceed the hydrogen atom concentration by more than an order of magnitude. It 
has been shown, by means of special experiments carried out in plate-glass vessels coated with carbon black, 
that at such propylene concentrations, no hydrogen atoms can be detected even as close as 2 cm from the place 


* Translator's note: “kvadratichnyi" presumably means, in this context, products due to a reaction already con- 
sidered, the reactants for which have been produced by a secondary or later reaction: that is, the reaction may 
be primary or secondary in itself, but the materials taking part in it are not wholly those originally introduced, 
but are, at least partly, those produced by later processes. 
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TABLE 1 


Rate of oxygen Rate of formation of | Rate of formation Formation of 
supply, 1 x 107!” | peroxide, 1 x 107" | of acetone, 1 x aldehydes 
mol/ sec mol/sec x 107!6 mol/sec 


5.48 
6.4 
8.2 


0.31 
0.36 
0.29 


0.1 
0.1 
0,1 


Not detected. 


Not detected, 


Not detected 


of mixing, which is an obvious indication of the rapidity of their reaction with the propylene. If we are to ob- 
tain reliable evidence concerning the reaction of aliphatic radicals with oxygen molecules, it is of the first 
importance that H-atoms shall be absent at the point where the radicals and the oxygen molecules are mixed. 


For this reason, the oxygen molecules were in this work introduced into the reaction zone at distances of 
2 cm or more from the coupling. The introduction of the oxygen at this distance ensured that there would be 
no interaction between H atoms and O, molecules. It should be noted, however, that it is only possible to ensure 
this if no back diffusion of the oxygen occurs. This will depend on the rate of the stream of the carrying gas 
and on the concentration of the oxygen. It is important that H atoms should be absent from the diffusion 
zone, for, as the authors have shown [5], under the flow conditions and the low temperatures and pressures, there 
would otherwise take place on the walls of the vessel a reaction leading to the formation of oxygen atoms: 
H + OQ, + OH + O, which would then participate in the reaction and contribute to the reaction products. 


If there were to occur simultaneously reaction of oxygen atoms with the hydrocarbons, and of oxygen mole- 


cules with the aliphatic radicals, it would be impossible to draw unequivocal conclusions either about the reac- 
tion products or about the reaction mechanism. 


Amongst the oxygen-containing products of the reaction of the isopropyl radical with oxygen molecules, 
there might be expected hydrogen peroxide, acetone, acetaldehyde and formaldehyde and isopropyl alcohol. 
The reaction products, together with the propylene, were collected in a trap cooled with liquid nitrogen, and 
subsequently analyzed. The peroxide was determined polarographically and by titration of the iodine liberated 
on acidification and addition of potassium iodide. In our experiments no hydrogen peroxide was found. Acetone 
was determined by the furfural method. Analysis of the aldehydes was carried out by a polarographic method, 
and in addition the formaldehyde was determined by means of a sensitive color reaction (a solution of phenyl- 
hydrazine hydrochloride + potassium ferricyanide + HCl was the reagent used). The isopropyl alcohol was detected 
qualitatively by means of its reaction with m-nitrobenzaldehyde. 


The results of analyzing the reaction products in certain experiments are set out in Table 1. The experi- 
ments were conducted at an over-allpressure P,,, = 8 mm, and a temperature of 150°. The rate of propylene 
supply was 4.15 x 10'® mol/sec. Oxygen was introduced at a distance of 3 cm from the point where the H-atoms 
were mixed with the propylene. Under these experimental conditions, the products detected from the reaction of 
the isopropyl radicals were: peroxide, acetone and isopropyl alcohol. Careful search for aldehydes (formaldehyde 
and acetaldehyde) was made, but with negative results. Since peroxide was detected among the reaction products, 
there can be no doubt as to the formation of the peroxidic radicals iso-C,H;O,. If isomerization of the peroxidic 
radical takes place, we should expect to find that the CHO radical and acetaldehyde were formed, but under 
the conditions of our experiments no aldehydes are formed. It can be supposed that the reason for the absence 
of aldehydes is that the temperature is not sufficiently high to bring about the decomposition of the iso-CsH,O, 
radical. In order, therefore, to study the behaviour of the isopropylperoxide radical at temperatures higher than 
150°, a new temperature arrangement was provided for the apparatus, In the first place, for a distance of 9 cm 
from the coupling, a temperature of 150° was maintained in the reaction vessel (so that under these conditions 
the iso-C,H7;O, would be formed, a fact confirmed by the detection of peroxide in the reaction products); and 
then for a distance of 25 cm, the temperature of the reaction vessel was maintained at 350°, 
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TABLE 2 


Rate of oxygen | Rate of formation |Rate of formation | 
supply, 1 x of peroxide, 1 x acetone, 1 x aldehydes 
x 10°"mol/sec| x mol/sec_ |x 107!® mol/sec Propy 
5.5 0.03 0.08 Not observed. | Not observed. 
6.5 0.03 Not observed. | Not observed. 
5.5 - 0.08 Not observed. | Not observed. 


It was assumed that the peroxide radical formed at a temperature of 150° in the first zone would only be 
decomposed when it attained a temperature of 350° in the subsequent zone, and that corresponding changes 
would be observed in the reaction products. Such changes in reaction products were actually observed experi- 
mentally, but the results were by no means those which we expected. The experimental results under the new 
temperature conditions are shown in Table 2. The experiments were carried out at P,,, = 8 mm mercury. The 


rate of propylene supply, and the point at which oxygen molecules were introduced were the same as in the ex- 
periments described in Table 1. 


It is seen from Table 2 that increase in temperature led to a reduction in the peroxide yield by a factor 
of 10. The yield of acetone was only slightly reduced; and at the same time it was impossible to observe any 
aldehyde production, in spite of very careful search and in spite of our expectations. Since increase in tempera - 
ture to 350° led to decomposition of the iso-C,H,O, radical (with an abrupt reduction in the peroxide yield as 
the result), without any production of aldehydes, then it might have been expected that an increase in the 
of isopropyl alcohol or of acetone would occur. But, although isopropyl alcohol is observed at 150°, at this tem- 
perature it does not occur at all, and the acetone yield is actually reduced. This experimental fact leads to the 
conclusion that at comparatively low temperatures (150°), the isopropyl peroxide reaction undergoes simultaneous 
reactions, the one giving rise to the peroxide, and the other to the alcohol. It can reasonably be supposed that 
the formation of these products occurs according to the following scheme: 


CHs — CH — CHs 
+ Hg, (RH) + CH; — CH —CHs 
H + OH 
CH; — CH — CH 
OH +R 


Decomposition of the isopropyl peroxide radical is accompanied by the disappearance of the peroxide and 
the alcohol as reaction products (in the reaction at 350°). And since there is no formation of aldehydes under 
these conditions either, it must be supposed that the decomposition of the peroxide radical leads back to the 
isopropyl radical and molecular oxygen. 


iso-C3H7O2 — iso-C3H? Os. 


It is not possible to explain the disappearance of peroxide from the reaction products at 350° by the decomposi- 
tion of this peroxide itself, since if this occurred it should not be accompanied by the disappearance of the 
isopropyl! alcohol. 


The formation of acetone under our experimental conditions is assumed to take place on the surface, in 
a manner similar to that in which acetaldehyde is formed by the interaction of ethyl radicals with oxygen [2, 6). 
But since we have been able to explain the formation of acetaldehyde on a potassium chloride surface from 
C,Hs and O, on the basis of the assumption that modification of the reaction vessel and coating with potassium 
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chloride gives only the one hydroperoxide as reaction product, it follows in the reaction involving iso-CsH7O, that 
coating of the vessel with potassium chloride will not cause acetone to disappear from the reaction products. 
The absence of acetaldehyde formation in the reaction of iso-C,H, with oxygen molecules, and the decomposi- 
tion of iso-C,H,O, radical at the increased temperature without the formation of aldehydes and isopropyl alcohol 
gives reason to suppose that, if the iso-C,H,O, radicals are formed, their subsequent transformation must involve 
either the formation of the hydroperoxide, or decomposition without the formation of aldehydes or alcohols. 
LITERA TURE CITED 

{1] R. H. Burgess and J. C. Robb, Trans, Farad. Soc. 54, 1015 (1958). 

{2] L. I. Avramenko and R. V. Kolesnikova, Izv. Akad. Nauk SSSR, Otd. Khim. Nauk 1192 (1958).® 

(3) L. I. Avramenko, R. V. Kolesnikova and L, M. Postinkov, Izv. Akad. Nauk SSSR, Otd. Khim. Nauk 277(1958).® 

[4] J. N. Bradley, H. W. Melville, and J. C. Robb, Proc. Roy. Soc. 236, 339 (1956). 

[5] L. I. Avramenko and R. V. Kolesnikova, Zhur. fiz. Khim. 32, 2780 (1958). 


(6) L. I. Avramenko and R. V. Kolesnikova, Izv, Akad. Nauk SSSR (in the press). 


* Original Russian pagination. See C. B. Translation. 


THE ORIENTATION OF THE g -ELECTRON ORBITAL 
IN THE CYCLOPROPANE RING 


V. T. Aleksanyan and Kh. E. Sterin 


Spectroscopy Commission of the Division of 

Physico-Mathematical Sciences of the Academy of Sciences of USSR 

(Presented by Academician B, A. Kazanskii, January 4, 1960) 

Translated from Doklady Akademii Nauk SSSR, Vol. 131, No. 6, pp. 1373-1375, 
April, 1960 

Original article submitted December 25, 1959 


During the investigation of the Raman spectra hydrocarbons, in which a three-membered ring occurs 
together with a series of double bonds or a phenyl nucleus, we have discovered the occurrence of anomalous 
intensification of some of the lines corresponding to the three-membered ring and to the double bonds, or to both 
rings, when compared with the same lines for alkylcyclopropanes, alkylbenzenes, or alkenes; that is, for com- 
pounds containing only one of the structures under consideration [1]. A similar effect, more clearly revealed, is 
well-known in conjugated systems, and therefore the observed phenomenon has been ascribed to the conjugation of 
the three-membered ring with the double bonds (whether simple or aromatic). 


It is well known that the conjugation effect of 7 -bonds is a maximum if their  -electron orbitals are par- 
allel, and the greater the deviation from parallel alignment, the weaker is the conjugation effect. We have 
investigated the Raman spectra of the stereoisomers of 1,2-diphenyl-2-cyclopropylcyclopropane [2]. Calcula- 
tion has shown that with the cis-isomers the common orientation of the cyclopropyl and phenyl rings, which is 
the most favorable fot conjugation, may not be realized because of steric hindrance. With thetrans-isomers, 
on the other hand, such orientations are permissible. Comparison of the spectra of each pair of isomers has shown 
distinctly in which cases the conjugation is the stronger, and on this basis the cis-configuration has been ascribed 
to the lower-boiling isomer, and the trans-configuration to the higher-boiling isomer. * 


The investigation of the stereoisomeric 1-phenyl-2-cyclopropylcyclopropane gives results of great interest. 
The conjugation effect is practically absent from the spectrum of the cis-isomer; but in the case of the trans- 
isomer the magnitude of the effect is the same as in the case of phenylcyclopropane. A consideration of the 
configuration of the cis-isomer has shown that the steric hindrance is a minimum when the phenyl and cyclo- 


propane rings take up the mutual positions shown in A (Fig. 1); in this case, according to theory (5, 61, conjuga~ 
tion would not be expected to take place. * 


* The effect of the stereochemical factor on the conjugation conditions for three-membered rings with substituents 
has also been investigated by Cromwell and his colleagues [3, 4] for some derivatives of ethylene imine. These 
authors draw their conclusions about the existence of conjugation from the existence of an absorption band in the 
near ultra-violet region, and of an absorption band corresponding to C = O in the infrared spectrum. We consider 
that the most convenient and reliable spectra for this purpose are the Raman spectra (cf. [2]). 

* * Theory suggests that the 7 -electron "octet" of the cyclopropane molecule is situated in the plate of the ring, 
perpendicular to the plane of the CH, groups [5]. 
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Fig. 1. 


Thus the facts adduced show the utility of the present ideas on the structure of the three-membered ring. 
This conclusion, however, cannot be regarded as definitely established, since the difference between: the most 
favorable configuration. A, from a steric point of view, of cis-1-phenyl-2-cyclopropylcyclopropane, and other 
possible but sterically less favorable configurations (amongst which must be considered those in which the phenyl 
ring occupies the position B in relation to the cyclopropane ring), is not great. Therefore, in order to provide 
more convincing evidence about the structure of the three-membered ring, it was judged necessary to study a 
compound in which, because of the steric peculiarities, one orthe other of the configuration A and B is more 
stably fixed. 


For this investigation the compound chosen was 1-1-diphenylcyclopropane, in which it would be expected 
that each of the phenyl rings would, because of its steric peculiarities, occupy position A in relation to the 
cyclopropane ring. The method of measuring the frequencies and intensities of lines at the maximum has been 
described earlier [7]. The integral intensity was determined by direct measurement from the coauthors of the 
lines at each 1-1,2 


1,1-diphenylcyclopropane 


Av (cm~): 150(60,b) 211 (49), 220(50), 263 (14), 285(6), 302(34), 325(3), 336(3), 375(12), 402(45), 
451(8), 479(5), 499(2), 537(14), 551(7, g)? 563(13), 582(26), 621(90, s- ),655(6), 670(6), 692(125, s), 708(3), 
7124(4), 738(3), 763(23), 773(12, g ), 808(5), 825(10, b), 842(17, b), 875(32), 935(60), 989(15, s), 1002(540, s), 
1026(40), 1032(140), 1053(3), 1085(6), 1129(41), 1157(47), 1179(20), 1192(19), 1265(50), 1280(88), 1298(80), 
1313(20), 1928(35), 1342(10), 1359, (5, b), 1404(2), 1426(12), 1444(10), 1460(27), 1476(3, b), 1496(12), 1580(34), 
1601(250, b), 1634* #(3), 1684* (3, b), 2426 (15, g), 2449(5, b, g), 2495(20, b), 2524(10, b), 2560(20, b), 2842 
(5, g), 288(110, g), 2909(15, g), 2931(10, g), 2978(50), 3005(190, b), 3064(470), 3084(70), 7315(30), 3200(20). 


DISCUSSION OF RESULTS 


The table gives the results of measurements of the integral intensities of the line around 1600 cm” in the 
spectrum of 1,1-diphenylcyclopropane, as well as in the spectra of 1-phenyl-2-cyclopropyl- and 1,2-diphenyl- 
cyclopropanes which have been studied earlier. It can be seen that the intensity of the line around 1600 em=! 
of 1,1-diphenylcyclopropane is much less than those of the stereoisomeric 1,2-diphenylcyclopropanes. The 
intensity of this line for 1,1-diphenylcyclopropane in relation to one phenyl group is only twice as great as for 
the different alkylbenzenes, and is practically the same as that for the cis-isomer of 1-phenyl-2-cyclopropyl- 
cyclopropane. Since the orientation of each of the phenyl rings in relation to the ‘cyclopropyl ring in the molecule 


*Symbols; b = broad; s = sharp; g = background. 
* *It is not impossible that these lines may be due to impurities. 
***As in the original Russian, 
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Integral Intensities of the line I, around 1600 cm”! for some Aromatic 


Compounds 

Toluene 290 290 
Isopropylbenzene 330 330 
Phenylcyclopropane 1150 1150 
Cis-1,2-diphenylcyclopropane 2200 1100 
Trans-1,2-diphenylcyclopropane 4100 2050 
Cis-1-phenyl-2-cyclopropylcyclo- 

propane 600 600 
Trans~-1-phenyl-2-cyclopropylcyclo- 

propane 1100 1100 
1,1-diphenylcyclopropane 1300 650 


of 1,1-diphenylcyclopropane may be calculated to be satisfactorily described by configuration A, it is easy to 
conclude that in this case the phenyl and cyclopropyl rings are only weakly conjugated with each other. As we 
have shown above, this is in agreement with the conclusions of the theory which proposes that the  -electron 
orbital is located in the plane of the three-membered ring, and also, evidently, supports the creditability of the 
premise from which this conclusion was drawn. It should be noted that the relatively weak conjugation between 
the cyclopropane and phenyl rings in 1,1-diphenylcyclopropane is also confirmed by chemical evidence; of all 
the diphenylcyclopropanes investigated, the compound here considered has the lowest rate of hydrogenation 
leading to the rupture of the C-C bond of the three-membered ring [8]. 


In conclusion, we should observe that in the spectrum of 1,1-diphenylcyclopropane there is present a line 
very characteristic for the cyclopropane ring: that is, the line for the valency oscillations of the C-H bonds at 


around 3005 cm-! [1]. 
LITERATURE CITED 


[1] V. T. Aleksanyan, Kh. E. Sterin, et al., Proceedings of the 10th All-Union Conference on Spectroscopy 
(L'vov, 1956); [in Russian}; Physical Symposium of L'vov, 1956); [in Russian] 3, (8) (1957). 


[2] V. T. Aleksanyan, Kh. E. Sterin-et al., Optika i spektroskopiya 7, 178 (1959). 

{3] N. H. Cromwell and M. A. Graff, J. Org. Chem. 17, 414 (1952). 

[4] N. H. Cromwell and G. V. Hidson, J. Am. Chem. Soc. 15, 872 (1953). 

[5] A. D. Walsch, Trans. Farad. Soc. 45, 179 (1949). 

[6] C. A. Coulson and W. E. Moffit, Phil. Mag. 40, 1 (1949). 

[7] V. T. Aleksanyan and Kh. E, Sterin, Optika i spectroskopiya 3, 562 (1957). 

(8) B. A. Kazanskii, M. Yu. Lukina, and I. L. Safonova, Dokl. Akad. Nauk SSSR 130, 2 (1960).¢ 


*See C. B. Translation. 


363 


= 

a 

we 

= 

= 

a 

: 

ik 


a 
i 
a 
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N. G. Chernyshevskii Saratov State University 

(Presented by Academician V. N. Kondrat*ev, December 7, 1959) 

Translated from Doklady Akademii Nauk SSSR, Vol. 131, No. 6, pp. 1376-1379, 
April, 1960 

Original article submitted November 30, 1959 


Practically no investigations have been made on the composition of the products obtained during the 
initiated cracking of alkanes by the addition of azomethane. Although the study of the kinetics of initiated 
cracking by means of measurements of Ap against time for the decomposition of the initiating substance makes 
it possible to establish the reality of the initiation [1-3], it is still desirable to have it directly demonstrated by 
an investigation of the composition of the products of decomposition of the mixture of alkane and initiating 
substance. A study of the products of the initiated cracking is also necessary for the elucidation of the mechan- 
ism of initiated cracking and of the ways in which it differs from the ordinary decomposition of the alkanes. 


In the present work there has been studied first of all, in detail, the composition of the products obtained 
from the cracking of propane and butanes, initiated by addition of azomethane, using the method of gas chromo- 
thermography. This gives clear evidence that initiation of the decomposition of the alkanes proceeds to a con- 
siderable extent, which is, perhaps, a most weighty reason in support of a radical-chain mechanism of thermal 
cracking. The same data provide confirmation of the reality of initiation previously proved on the basis of 


purely kinetic data not free from objection. In addition to this, the study leads to new conclusions about the 
mechanism of this process. 


The elaborate vacuum plant which has been erected for this complicated investigation of initiated crack - 
ing of alkanes has been described by us in an earlier publication [4]. 


The results of analyzing the products of the initiated cracking of propane and the butanes on a chromo- 
thermographic column are given in the table. They show that neither propane (364°, 80 mm, cracking time 
10 min) nor butane (355°, 70-76 mm, cracking time 10 min) decomposes by itself, even under conditions when 
the initiating substance decomposes. However, the introduction of small quantities of azomethane (1-3%) 
produces cracking of the alkanes to a considerable extent. In the initiated cracking of propane, both dehydration 
and demethanation may occur. In comparison with ordinary cracking, the introduction of even this small amount 
(1-3%) of azomethane causes dehydrogenation to exceed demethanation. by a factor of three, while thermal crack- 
ing under approximately the same conditions with respect to pressure and amount of cracking gives dehydrogena - 
tion and demethanation to the same extent, or slightly in favor of the demethanation. In addition to this, the 
methane yield with the same starting mixture is about twice as great as that of ethylene. With ordinary cracking 
the yields of methane and ethylene remain about equal up to very high degrees of decomposition. Small addi- 
tions of the initiator produce high yields of ethane, which are due not only to the decomposition of the azomethane, 


but also to the enhancing, under the conditions of the initiated reaction, of the recombination reaction between 
methyl radicals. 


: 

‘oe 
= 
2 
x 


Composition of the Products of the Cracking of Propane and the Butane, Initiated by Azo- 
methane (in volume percent) 


P of | 
atkane, | N, H, CH, | | C,H, | CgHg | CH, | 


Propane (364°, 10 min) 


77,6 2,4(3%) 3.3 0,75: 1 0,44 1 4705 | — 
74,4 5,6 (7%) 4,16 | 2,6 4,4 2,8 3,51 | 2,8 79,5) — 
72,0 8,0(10%) | 7,18] 3, 5,63 | 3,36 | 4,2 3,24 73,4) — 
— |2,2ina 50,0 — | 5,0 _ 
medium of 
CO,(70 mm) 
d Butane (355°, 10 min) 
70,0 oe 0 0 0 0 0 -- 0 0 100 
70,0 2,1 (3%) 2,59 | 0,97 | 7,46 | 2,89 | 2,33 | 9,72 0,77) 1,4 72,64 
70,0 | 2,1(3%) | 2,5910,97| 7,79 | 2,27] 2,33 | 9,67 | 0,841 4,4 | 72,72 
CO,(70 mm) 
Isobutane (355°, 10 mm) 
76,0 0 0 0 0 0) 0 100 
ie 76,0 | 0,76 (1%) ive 1,47 | 4,44 | 0,48] 0,7 ye) 0,9 | 1,47 | 87,63 
76,0 2,4 (3%) 2,8 1,6 7,48 | 0,5 1,13) 4,5 80,1 
76,0 3,8 (5%) 5,2 1,75: | 28,82: 10,7 0,85 6,3 1,1 | 4,63 72,75 
76,0 5,3 (7%) 6,0 1,8 |10,76 | 0,7 SEF 6,35 | ~1,0 | 1,64] 70,56 
76,0 7,6(10%) | 5,9 | 1,86 [11,45 | 0,7 1,24 |. 6,5 ~1,1| 1,65 | 68,72 


Increase in the concentration of the added azomethane to 7-10% also increases the extent of initiated 
cracking, although at a slower rate than with low additions, and the demethanation reaction becomes increasing - 
ly predominant. Increase in the concentration of the additive from 3 to 10% causes a 7,5-fold increase in the 
ethylene yield, while at the same time the yield of C3Hg is only increased 2-fold. The methane yield, as be- 


fore, is considerably greater than the ethylene yield, while the ethane yield amounts to slightly more than half 
that of nitrogen. 


These results show not only the initiating effect of the methyl radical on the decomposition of propane, 
but also reveal, even. more clearly than in the ordinary cracking previously studied by us [4], the enhancing of 
the demethanation reaction. Increase in the azomethane concentration in the range 3-10% causes the ratio 
C,H, : CsHg to increase from 0.25 to 1, or roughly proportionally to the concentration of the azomethane. The 
shift in the direction of demethanation is probably to be explained by the isomerization of the isopropyl radicals, 
formed preferentially at the lower temperatures, into propyl radicals. It is less probable that the increase in the 
yield of CH;CH,—CH, radicals is due to increase in the concentration of CH, radicals. 


The increase in the yield of CH, in comparison with that of C,H, shows that the CHg radicals are distrib- 
uted between the azomethane and the propane. In the decomposition of pure azomethane there undoubtedly 
also occurs a reaction between CH, and azomethane to give methane. It follows that in azomethane the double 
bond, N = N, weakens the C-H bond in the 8 -position, in the same way as C=C weakens the C-H bond in the 
methyl group of propylene. On the other hand, the C-H bond in azomethane is less stable than the secondary 
C-H bond in propane. In the light of these facts, the decomposition of azomethane cannot be considered as a 
simple unimolecular reaction, as we also observed in our study of the kinetics of the decomposition of azomethane. 


It is possible that the increased yield of ethane is due to an addition reaction of the CH, to the azomethane: 
CH; + CHsN= NCH, = (CH;),N-NCHs3, with subsequent regeneration of the azomethane according to the reaction: 


CHs ++ (CHs)2 N — -* CaH, -}- CHsN = NCH. 


This is equivalent to a recombination in the bulk phase through the intermediate reaction with a molecule of 
azomethane, not on the walls, The decomposition of azomethane in a medium of carbon dioxide produces 
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nitrogen and ethane exclusively. In the alkane medium the decomposition must proceed in a different way, 
which is of interest in connection with the development of the initiated cracking process. 


In the initiated cracking of butane, the same trends are observed, and approximately the same ratio be- 
tween the products as in ordinary cracking. The two products are obtained in equalyields (with a slightly larger 
amount of C,H, than of CHy). The ratio CsHg : C,Hy : Hp in the initiated cracking (355, 70 mm, 10 min) is equal 
to 1%; 2.5: 1, whereas in ordinary cracking (548°, 180 mm, 6 min) the values are 9 ; 3.5: 1 [4]. Thus, in the 
initiated cracking of butane, demethanation gains further ground in comparison with the splitting off of ethane. 
This is explained by recognizing that reduction of temperature is more favorable to the decomposition of 
CHsCHCH,CHy radicals (heat of decomposition 27.7 kcal) than to that of CHgCH,CH,CH,’ radicals (heat of 
decomposition 31 kcal), and as a result there is a partial conversion of the latter into the former. 


In the ordinary cracking of isobutane, as is well known, the dehydrogenation process predominates over 
the reaction in which decomposition occurs to CHg and C3Hg. The ratio iso-C4Hg : CgHg : CzHy at 548° and 180 mm 
after 6 minutes is equal to 7: 3:1 [4], which is determined by the preferential formation of the tertiary isobutyl 
radicals, (CH )sC’, and their subsequent decomposition. 


In the initiated cracking of isobutane (at 355.76°, 76 mm, and 10 min), even from the start, with low addi- 
tions of the initiator (3%), the demethanization reaction predominates, and the ratio given above amounts now to 
2:6:1. The ratio of iso-CgHg to CgHg is changed from the value of 2.4 which it has in ordinary cracking, to 0.26 
in the initiated process, or by a factor of 10. This shift in the decomposition tendency is explained by the fact 
that, notwithstanding the preferential formation of tertiary isobutyl radicals (through attack of the isobutane 
molecule by CHs radicals), these latter decompose less readily under the conditions which obtain during initiated 
cracking, and are partially isomerized into primary isobutyl radicals: - 


(CHs)s € + (CHs)s CH =*(CHs)sCH + CH3CH (CH,)s. 


The isomerization reaction requires a much smaller energy of isomerization (around 25 kcal), and the 
decomposition of the primary isobutyl radicals proceeds very easily (energy of decomposition is 3.5 kcal). 


As in the case of the induced cracking of propane, increased yield of CH, is observed, which is due to the 
sharing of the CH, radicals obtained from the initiator between the alkane molecules and those of the added 
initiator, according to the concurrent reactions: 


CHs-+ (CHs)s CH +- (CHs)s € (activation energy 7.9 kcal) 
CHs + CHsN = CH, 4- = NCHs (activation energy 6.4 kcal). 


With an increase in the azomethane concentration (1-3%), the initiating effect at first increases rapidly, but 
further increase in the additive (5-7%) only produces small increase in the extent of decomposition, and the 
initiated cracking approaches a limit of initiator effect, as had earlier been predicted by us [5]. This demonstrates 
the effectiveness of initiation by small quantities of the initiator. The limit of effectiveness is due to the fact that 
the initiator can act not only as a donor but also as an acceptor of radicals. 


On the other hand, with an increase in the extent of the initiated cracking, a retarding effect of the prod- 
ucts of cracking begins to arise [5]. The experimental data on the initiated cracking of propane and the butanes 
are well represented by the Dinzes and Frost equation for autoretarded reactions. Comparison of the initiated 
cracking of butanes shows that butane is initiated more effectively than isobutane, which is due to the easier 
decomposition of the.primary and secondary butyl radicals compared with tertiary isobutyl radicals. The fact 
should be mentioned that the extent of the initiated cracking of alkanes, arrived at after a somewhat longer time, 
corresponds to the extent of ordinary cracking, which may prove to be of some practical consequence, especially 
in the search for new ways of effecting chemical transformation of well-head petroleum gases, waste gases from 
cracking processes, and alkanes of high molecular weight. 


It is difficult to explain at present the formation of propane in the initiated cracking of isobutane since it 
is not clear how propyl (or ethyl) radicals can arise in the absence of primary decomposition of the isobutane. 
It is possible that they are formed by the addition of CH, radicals to ethylene. More careful investigation of the 
kinetics of the initiated cracking of propane and isobutane has shown that the curves for their initiated decom- 
position are similar (percentage decomposition plotted against time) and, in particular, that the curves for propane 
do not have the S-shape. In other respects the previous results have been confirmed [1]. 
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The rate of the initiated cracking of propane and isobutane with constant addition of azomethane 
diminishes with increase in time according to a curve similar to that obtained for the relationship between rate 
and time for autoretarded cracking, with the single difference that the curve for the rate of initiated cracking 
approaches the axis of abscissas. 


Consideration of the results presented above leads to the conclusion that it might be advantageous to carry 
out experiments on the application of initiated cracking under industrial conditions, with a view to gathering in- 
formation about its suitability as a new technological process. 


In conclusion we wish to express our thanks to R. V. Kosyreva for helping with the analyses. 
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The object of the present work was to arrive at an equation for the balance of the products of radiolysis 
of alkanes, so as to permit the determination of the various fractions from a limited number of experimental 
data. For this purpose the calculation of the yield of the heavy residue, which is most difficult to obtain from 
experimental determinations, is very important. To illustrate the relationships arrived at, a calculation is given 
of the balance of the products of radiolysis of n-heptane in the linear and nonlinear regions. 


The basic products of the radiolysis of alkanes are hydrogen, monoolefins and also alkanes of normal and 
isomeric structure and of different molecular weight, having x carbon atoms in the molecule, where x may be 
greater than, equal to or less than n, the number of carbon atoms in the initial hydrocarbon. When the number 
of molecules after irradiation, Nx, , is connected with the initial number of molecules of the starting alkane, 

No, we have the relationship: 


Nx =No+N’, (1) 


where N® is the number of molecules of monoolefins obtained by radiolysis. In addition, we may write another 
equation for Ny: 


Nx = Na+ Nz, (2) 


when Np is the number of molecules of the original alkane left after radiolysis;N", is the number of molecules 
of hydrogen and of alkanes with x less than n; N{, is the number of molecules of monoolefins with x less than 
n; Nx is the number of molecules of mongolefins with x = n; and N-p is the number of molecules ‘of alkanes 
with x x greater than n. 


It follows from (1) and (2) that 


or, 


t+ Na=No—QX. (3") 
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Nn = No—(M, + Nz) (3) 


For practical purposes we arrive at the useful relationships: 


N,= Nit+N,; Ny 


or, taking into account (1) and (2), 


Nx = No+Ne— (5) 


where Nx is the total number of molecules having x = n. Equations (1)-(5) are the exact equations of balance. 


The subsequent considerations are concerned with the linear and nonlinear regions of radiolysis separately. 
By the linear region we mean the initial part of the radiolysis, in which there take place no secondary reactions 
between the final products. Then for the linear region, if the length of the reaction chain is close to unity, two 
limiting equations for the calculation of Ny may be written: 


Nx, = NL—N’. (6") 
Nx, = Ny, — Nx. (6") 


Equation (6") will be exact if the destruction of free radicals only occurs through their recombination. 
But if disproportionation takes place, equation (6*) will give results which are too low. Thus in the general case 
equation (6°) gives the lower limit of the yield of the saturated part of the heavy residue, and the corresponding 
upper limit of the molecular weight of alkanes for which x > n. 


Equation (6") will be exact if the decrease in free radicals owing to recombination is equal to, or greater 
than, their removal by disproportionation. If the majority of the free radicals are removed by disproportionation, 
than (6") will give results which are too high. Therefore, in the general case equation (6*) gives the upper limit 
of Ny, and, correspondingly, the lower limit of the molecular weight of alkanes for which x > n. We should note 
in addition that in the linear region the inequality below ought to be strictly fulfilled: 


Nu, < Nx -+ Ny. (7) 


In the nonlinear region, when there will have occurred considerable polymerization of unsaturated hydrocarbons 
with x > n, the inequality (7) may not be true. 


To evaluate the balance of the products of the radiolysis of n-heptane in the linear region, we take the 
following values for the radiation-chemical yields (in molecules per 100 eV of absorbed energy): G(H,) = 4.9; 
G (saturated products of decomposition) ~ G (unsaturated products of decomposition) = 0.7; G(monoolefins with 
x > n)= 2.0. Then by the use of (6") and (6") we get the corresponding lower and upper limits of the yield of the 
saturated part of the heavy residue: G,(T) = 2.9; and G,(T) = 3.6. But the value of G, (T) does not satisfy the 
inequality (7), and so we shall use the value G,(T). 


Then for 1 ml of the initial n-heptane at a dosage of 10'° eV/ml, for example, we should have: Ny = 
= 683.8 x 10-® mole; N¥ = 0.033 x 10-§ mole; Nz= 0.093 x 10-5 mole; Nf = 0.012 x 10-§ mole; N-p = 0.06 
mole. According to (3), Ny, = 683.65 x 1075 mole, and the degree of conversion of the initial n-heptane is: 


y = 100 (No -Np)/ No = 0.022 mol. %, Table 1 gives the yield of radiolysis products per 100 molecules of n- 
heptane converted. 


If we now use the equations we have derived to calculate the balance of the products of radiolysis of n- 
heptane in the nonlinear region, the initial data for the calculation [1, 2] are set out in Table 2. 


According to equation (6") we obtain the number of moles Np = 39.62 x 1075, and according to equation 
(3), Ny = 542.66 x 107§ mole/ ml (with the number of g-atoms of carbon given by Ng = 3798.62 x 1075, and 
the number of g-atoms of hydrogen by Ny, = 8682.52 x1075), We consider now the elementary composition, and 
the mean molecular weight of alkanes in which x > n. The calculation gives the mean formula Cy, g5He4.75 and 
the mean molecular weight M = 161,which, as we have said earlier, represents the lower limits of the values of 
x and M. The degree of conversion of the original n-heptane in this case is 20.8 mol.%, Table 1 gives the yields 
of the basic products of radiolysis in molecules per 100 molecules of converted n-heptane in the nonlinear region 
with a dose of 650 Mrad (without reconversion to the n-heptane basis). 
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TABLE 1 


Yield of the Major Products of the Radiolysis of n-Heptane per 100 Molecules of the Original Substance Converted. 


Converted Hydrocarbons in Hydrocarbons | Hydrocarbons in 
n-heptane ao which x < n with C, which x > n Ls ce 


In the linear region 
15 22 
In the nonlinear region 
100 18 44 28 145 


TABLE 2 Comparison and analysis of the results obtained 


shows that increase of the dose causes the yield of 


; hydrogen to increase at a rate falling below linear in- 
mole/mlx g * at 


x10 lofcxi Senta crease. With respect to the other components the non- 


linearity is very evident: the yield of the saturated part 
of the heavy residue diminishes, while that of the un- 
saturated hydrocarbons with x = n increases abruptly. 
This points to the considerable degree of unsaturation 
in the heavy residue in the nonlinear region. With 
increase in the dose, the total number of molecules 
formed from each 100 molecules of the starting sub- 
stance continues to increase. This shows that in the 
course of radiolysis the mean molecular weight of the 
products must be diminished. 


77,77 155,54 
101,52 94,79} 392,6 

2,02 8,81] 17,52 
61,9 433,3 | 866,6 
683 ,8 4786,6 |10940,8 


The authors express their thanks to G. D. Gal'perna for valuable comments during the discussion of the 
work. 
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a 

Components 

| 

Hg 
M, 
N, 

‘ 

2 

4 

; 
7 

371 4 


MEASUREMENT OF THE VAPOR PRESSURE OF SOLID CHROMIUM 
BY MEANS OF RADIOACTIVE INDICATORS 


An. N. Nesmeyanov and De Dyk Man 


M. N. Lomonosov State University of Moscow 

(Presented by Academician V. I. Spitsyn, January 3, 1960) 

Translated from Doklady Akademii Nauk SSSR, Vol. 131, No. 6, pp. 1383-85, 
April, 1960 

Original article submitted December 23, 1959 


The vapor pressure of liquid chromium was measured by the boiling-point method [1, 2]. Because of the 
poor ieliability of the methods used in carrying out the measurements and of the poor purity of the metal, these 
data were not very good. The measurements of the vapor pressure of solid chromium were carried out by the 
method of evaporation from an open surface [3-5]. 


The data of [3] and [4] agree satisfactorily with each other. The somewhat lower values of [4] can be ex- 
plained by the condensation of the metal on the suspension wire during its evaporation. Results of [5] were ap- 
preciably higher. It is difficult to comment about their difference from [3, 4]. It may have been the result 
either of a systematic error of measurement, or of a higher purity of the metal used in [5]. The data concerning 
the vapor pressure of chrome require a verification. 


We have measured the vapor pressure of solid chrome by an integral variant of the effusion method of 
Knudsen using the radioactive isotope of chrome Cr™ for determining the amounts of condensate. Chromium 
99.99% pure, previously melted in the vacuum, was used in our work. The chrome was exposed in sealed am- 
poules to neutrons in a nuclear reactor. Its radio-chemical purity was demonstrated by the disintegration curve, 
which showed the absence both of long-lived and short-lived radioactive impurities. 


The apparatus on which the measurements were carried out and the method used were similar to those 
described previously [6]. 


Cuttings of radioactive chrome were loaded in a molybdenum effusion camera with a molybdenum dia- 
phragm, whose opening varied from experiment to experiment from 9.847 107°-to 7.740 The in- 
ternal diameter of the camera was 0.9 cm. The camera was heated in the apparatus by means of the high fre- 
quency field of an external-inductor furnace MVP-3M. The temperature measurements were carried out by a 
Pt-PtRh thermal couple by a compensation method with a PPTN-1 potentiometer and an M21/4 galvanometer 
as a zero indicator. The thermal couple was graduated in the experimental conditions directly in the effusion 
camera by the melting points of copper, gold and nickel of high purity. 


The chrome from the vapor container was washed in three portions by fuming sulfuric acid. The acid was 
eliminated by evaporation to dryness. The residue was dissolved in diluted acid. The first step consisted in precip- 
itating chrome hydroxide from the solution, and in separating it out on a Buchner funnel. The filter with the 
dried precipitate was used as the sample for the measurements. The second procedure consisted in evaporating 
the solution from miniature glass beakers to dryness, and in measuring after this the activity of the dry residue. 
The activity was measured on the unit B with the y - counter AMM-4. The two procedures gave identical results. 


The individual activity of the metals was measured from an aliquot part of the solution by weighing the 
chrome, in the same way as the activity from the solution of the condensate. 


i 
« 
a 
q 
373 

: 


Fig. 2. Dependence of the 
vapor pressure of chrome 

upon the ratio of the area 
of the effusion opening and 
of the camera section. 


The vapor pressure was measured according to 
the formula: 


‘ I 
Fig. 1. Dependence of the vapor pressure of 
solid chrome upon the temperature; 1) Accord- 
ing to ref. [3]; 2) according to ref. [4]; 3) ac- 
cording to ref. [5] (chrome condensed from its 
vapor); 4) according to ref. [5] (chrome melted 
in the vacuum); 5) experimental data for a slit 
opening of 9.847 - 1078 cm*; 6) experimental 
data for openings of 1.384 * 10~* cm? (a), and The results obtained are shown in Table 1 and in 
of 7.74 ° 10“ cm? (b). in Fig. 1. Table 1 and Fig. 1 indicate that the effu- 
sion rate increases when the area of effusion opening 
decreases. However, for opening areas of 1.384 - 107° and 7.74 - 10° cm’, the evaporation rates practically 
coincided, i.e., for these values of the opening areas a saturation was reached in the camera, and the results 
corresponded to the saturated vapor pressure. This can be immediately seen from Fig. 2. Using the values of 
the evaporation rate for different opening areas of the effusion camera, we calculated Langmuir's coefficient 
for solid chrome (a = 0.5) by a method described before [7]. The saturated vapor pressure obtained from the 


Where I is the activity of the condensate, I is the 
partial activity, a is the area of the effusion opening, 
t the exposure time, T is the absolute temperature, 
N is the molecular weight of the vapor, K is the 
Clausius coefficient. 


Vapor Pressure and Heat of Sublimation of Chrome 


Wt. of Evaporation Aw * 
sec | the con-| k rate, 1°106,| P+ 104, 
densate cm? g/cm? mm ———_ «al/g-at 
1+ deg g-at 
1114 3082 8,15 9,847 0,965 0,269 (),246 
1198 691 11,8 9,847 0,965 1,74 1,63 — _ 
1262 302 | 18,4 9,847 0,965 6,20 5,98 
1044 | 14404 2,52 1,384 0,924 0 ,0928 0,100 34,54 92962 
1078 | 10825 3,69 1,384 0,924 (0), 246 0,227 34,50 93123 
1110 3612 2,33 1,384 0,924 0,466 0,445 34,47 93436 
1120 5412 5,82 1,384 0,924 0,778 0,723 34,46 92758 
1149 3602 6,21 1,384 0,924 1,25 1,24 34,43 93193 
1181 1504 5,82 1,384 0,924 2,80 2,74 34,40 92880 
1201 911 5,05 1,384 0,924 4,03 3,92 34,38 93078 
1236 596 7,38 1,384 (0), 924 8,94 8,83 34,34 92797 
1285 305 | 10,5 1,384 0,924 24,8 20,2 34,29 92489 
1092 7262 1,94 0,774 0,923 0,345 0,328 34,49 93078 
1213 1237 5,24 0,774 0,923 5,47 5,44 34,37 92855 
1254 897 8,74 0,774 0,923 12,6 12,6 34,37 92784 
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data of [3], and the values of a differed only by 15% from the vapor pressure values obtained by us with the 
smallest effusion openings. A still lower difference was obtained by using the data of [4]. 


Thus, the fact that Langmuir's coefficient is different from unity for solid chrome in evaporation condi- 
tions can be considered as established. It follows from this that the vapor pressures calculated from the evapora - 
tion rates from an open surface are not reliable. 


On the basis of the preceding considerations we took as equilibrium vapor pressures those obtained for 
areas of effusion openings of 1.384 - 10~* and 7.74 - 10° cm’, and using them, we found, by the least square 
method, the equation: 


log Ram= 10,807 — 


From the equilibrium vapor pressures obtained by us and from the values of the thermal dynamic poten- 
tials for the solid phase and the gas phase, calculated from the data of [8], we found the sublimation heat of 
chrome at 0°K (AH) according to the formula 


AH, =T(A®'—RinArm), for AD = — Doonq 


where gas and Sond. are the thermodynamic potentials of the vapor and of the solid matter. 

The data obtained are presented in the table. The mean value of the heat of sublimation is 929524 184 
cal/g-at. 
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The magnetic properties of Cr,0,;—A1,0, catalysts prepared by saturating y -Al,O, with chromic acid and 
by a subsequent reduction by H, at 360° and containing 0.1-40% in weight of Cr,O, were studied by Selwood and 
co-workers[{1]. They found that the magnetic moment for small concentrations of Cr,O; is ~ 3.7 pp, and from © 
~ 5% to 40% Cr,O; in weight it is equal to 3.2 1p; the authors relate this fact to the presence of Cr” ions. A 
sharp discontinuity was observed in the behavior of the susceptibility (X) curve for ~ 8%Cr,O,5. A fast increase 
for X when the concentration of Cr,O, decreased was also observed. On the curve representing the dependence 
of Veiss* constants (A) upon the composition in the same point there was a discontinuity and A dropped to zero 
when the concentration of CryO3 decreased. These changes in the behavior of the concentration dependence of 
x and A were correlated by the authors with the character of the distribution of Cr,O3 on the surface of y -Al,O3. 


A study of the oxidation process of layer catalysts of the type Cr,0,;—A1,0, and Cr,0;—ZnO by oxygen 
by constructing the curves representing the dependence of magnetic susceptibility upon the oxidation depth 
was carried out by Matsunaga [2, 3]. He succeeded in proving that the process of oxidation of Cr’* ions to Cré* 
ions take place most intensively in the initial concentration region of Cr,O, (roughly up to 10% in weight), after 
which the oxidation becomes more and more difficult when the carrier surface decreases. Similar results were 
obtained by the same author in a magnetochemical study of the process of thermal decomposition of CrO, added 
to y -Al,O; [4], and in reference [5] in a study of CrO,--SiO, catalysts. 


We were interested in carrying out a study of the oxidation processes of Cr°* ions to Cr®* ions for catalysts 
jointly deposited in a large range of concentrations of Cr,0s, and to explain how the content of Cr®* ions would 
change in the catalysts during a catalytical reaction carried out with them, depending upon the concentration 
of Cr,03. In addition we intended to obtain a rough picture of the distribution of Cr,O, in the mass of Al,O3 by 
means of a detailed magnetic analysis of this system. 


Catalysts of the Crz0,—Al,0, type with contents of 0; 1.48; 4.4; 7.28; 14.2; 20.8; 33.23 60.0; 80.0; 93.2 
and 100% Cr,O, in weight were prepared by precipitating together Al and Cr hydroxides from mixtures of 10% 
solution of NH,OH. Two series of catalyst preparation were obtained by treating thermally in the air for 6 hours 
at 450 and 600° the precipitates washed and dried at 110°. The catalytic activities of the preparations thus ob- 
tained were studied in the decomposition reaction of iso-C,H,OH in the temperature range 275-320°. We car- 
ried out a magnetochemical investigation of the catalysts of both series before and after the catalytical experi- 


ments, and also additional measurement of X of fresh catalysts subjected to agglutination by heating in the 
air at 1000° for 6 hours. 


Figure 1 shows the variation of the magnetic susceptibility referred to 1 g of Cr (xc, + 10% with the con- 
centration of Cr,O, in the catalysts heated to 450° before and after the work. One can see immediately the sharp 
difference in the values of X-, of treated and non-treated catalysts for concentrations of Cr,O, up to ~ 40% in 
weight. It is interesting that the concentration interval of Cr,O, in which the sharp decrease of xX . is observed 


Cc 
* Transliteration of Russian — Probably the name is Weiss, 
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Fig. 1. Dependence of Xc, upon the com- Fig. 2. Dependence of y (1, 2) and of A 
position of catalysts heated at 450°. a) Be- (3, 4) upon the composition of catalysts 
fore use; b) after use. calcined at 450°. 1, 3) Before use; 2, 4) after 


use. 


for non-treated catalysts with respect to catalysts reduced during the reaction is much greater in the case we 

are considering of oxides precipitated together, than in the case of impregnation catalysts. This is apparently 
related to the higher degree of dispersion of Cr,O, incoprecipitated catalysts with respect to impregnated 
catalysts. Also, as can be seen from Fig. 1, X¢, for catalysts before and after the alcohol decomposition reac - 
Se tion is practically the same,starting with ~ 60% Cr,O, in weight. This, however, does not mean that in this region 
3 of Cr,03 concentrations there are no Cr®* ions. We calculated the magnetic moments (1) of the catalysts before 
and after use on the basis of the temperature dependence X,,.. The corresponding data are reported in Fig. 2. 
Catalysts that have not been used and containing up to 40% in weight of Cr,O, had a lower y than after use; this 
depended upon the presence in the former of an appreciable quantity of Cr®* ions. The magnetic moments of 
catalysts with 60, 80, and 93.2% in weight of Cr,O, were the same (3.35) both before and after use, and were 
lower than the theoretical value of » for the Cr** fon. Apparently also in these catalysts there are Cr®* ions 

(as was revealed by qualitative chemical analysis) which are not restored during the reaction. The percent 

of Cr®* ions in the series of catalysts calcined at 450°, as calculated from the values of y, is given in Fig. 3. 


Analogous data were obtained for the catalysts calcined at 600° but in this case the maximum content of 
Cr,O3, for which catalysts that had not been used showed an appreciable concentration of Cr®+ ions, was lowered 
to 20% in weight, and the concentration of Cr®* {ons in the catalysts calcined at 600° was approximately 1.5 
times less than in the corresponding preparations calcined at 450°. Also in this series the value of X¢, for 
contents of Cr,O, of 60% in weight and higher was identical for used and nonused catalysts, i.e., the Cr®* ions 
did not appear to be reduced during the work of the catalysts upon the dehydrogenation—dehydration of alcohol. 


In order to clarify the causes which may produce such a behavior of preparations containing 60% in weight 
or more Cr,O3, we examine the possible phase composition of Cr,0,;—A1,O, catalysts on the basis of magnetic 
data, Let us revert to Fig. 1. We can see that X,, does not decrease smoothly when the concentration of Cr,O, 
is decreased, but for 60% in weight of Cr,O3 X¢, is equal to xc, for 33% in weight of Cr,O, (this corresponds 
to a maximum of the susceptibility for 1 g of catalysts). The same fact can be observed for catalysts calcined 
at 600°. Between 33% and 60% in weight of Cr,O; a sharp increase of A from 125 to 250° (Fig. 2) is also ob- 
served. The increase of A between 33 and 60% Cr,Oy, takes place also for catalysts calcined at 600 and 1000"; 

A increases,respectively, from 125 to 300° and from 130 to 460°. However, X, does not increase when the com- 
position goes from 83to60% in weight of Cr,O; for catalysts calcined at 1000°. 


The way A varied for all three series of catalysts in the interval 1.5-33% in weight of Cr,O, was charac- 
teristic. For catalysts calcined at 450°, A changed from 75 to 100° in the intefval 1.5-14% Cr,O3, from 100 to 
130° in the interval 14-33% Cr,O, (Fig. 2). The catalysts calcined at 600° were characterized by a A changing 
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from 30 to 70° in the interval 1.5-14% Cr,O, in weight, 


% and by a A changing from 70 to 130° in the interval 
Or 14-33% Cr,O3. In the catalysts calcined at 1000° A 
was Close to zero in the interval 1.5-14% 3, and 
° : changed from 100 to 130° in the interval 14-33% Cr,Oy. 
e 
% . oZ We had thus three regions of concentrations of 
7 ot Cr,O, in which A changed in a completely different 
‘ way according to the calcination temperature; 1) the 
F region 1.5-14% Cr,O,; where A dropped approximately 
D : 100 wt. %o to the calcination temperature of the catalysts 
[cr,0,) is increased; 2) the region 14-33% Cr,O;, where A 
remained practically constant when the calcination 
; 130°; 3) the region of concentration = 60% Cr,Os, 
Before use; 2) after use. 


where A increased rapidly when the calcination tem- 
perature is increased. The latter region of concentra - 
tions of Cr,O, was also interesting because the catalyst with 93% of Cr,O, calcined at 600° was antiferromagnetic, 
whereas pure Cr,O, prepared in the same way was paramagnetic. When the calcination temperature was 1000° 
the catalysts containing from 93 to 100% Cr,O, became antiferromagnetic. 


On the basis of the above considerations the following rough picture of the distribution of Cr,O; in Al,O, 
for the catalysts under investigation can be given. In the interval 0-14% Cr,O, in weight one is dealing with a 
solid solution of Cr,O; in Al,O3;, which becomes more ordered with an increase in the calcination temperature, 
thus leading to a decrease of A. In the interval 14-33% Cr,O, there is a mixture of different phases. In addition 
to the solid solution of Cr,O, in Al,O, there are apparently also solid replacement solutions of Al,O; in Cr,Os, i.e., 
there are phases rich and poor in Cr,O,. In some of them A may decrease when the calcination temperature is 
increased; in others it may increase. The combination of these two processes may lead to a constant value of A. 
In the concentration interval 60-93% Cr,O, appears first a phase of free Cr,O,; in catalysts calcined at 450 and 
600° this phase is in a sufficiently dispersed stage and its appearance @t 60% Cr,O,) corresponds to an increase 
of X. In addition, in this region of concentrations of Cr,O, an intrusion solution of Al,O, in Cr,O, is apparently 


formed: the appearance of antiferromagnetism in catalysts with a high content of Cr,0, calcined at 600 and 
1000° is connected with this. 


Probably, when they form a solid intrusion solution, the Al** ions cause local displacements of the 0” 
ions in the lattice, and therefore give rise to favorable conditions for indirect exchange between the Cr°* ions 
as a result of the fact that the valence angle Cr°02-Cr** approaches 180°. 


In the light of the above considerations, the absence of marked differences in the magnetic properties 
of fresh and used catalysts containing more than 60% in Cr,O; in weight can be explained by the fact that the 
amount of surface Cr°* {ons is very small in comparison with the amount of them contained in the volume of 
the catalyst crystals. The surface Cr®* fons are easily reduced, whereas those situated in the mass of the crystal 
are not reduced in the conditions (T, time) under consideration because of the absence of immediate contact 
with the gas phase and of the slowness of the diffusion of vapors and gasses supplied inside the crystals. 


Besides the Cr,0;—A1,0, catalysts described above, we carried out a number of measurements for Cr,O,— 
—SiO, catalysts obtained* by depositing CrO, on SiO, with a subsequent thermal treatment. The treatment of 
CrO,—SiO, was carried out in two ways: 1) by ethyl alcohol at room temperature, and then by H, at 515° for 
one hour; 2) treatment by H, or air also at 515° for one hour. These two groups of catalysts were sharply dif- 
ferent in their magnetic andcrystallographic properties. The first group were paramagnetic with » = 3.2 pp 
and amorphous to the x-rays. The second group were antiferromagnetic and their x-ray photographs showed 
clear lines of crystalline Cr,O,. We think that it is possible that this difference in magnetic behavior of the 
two groups of catalysts finds anexplanation in the formation of chrome silicates taking place when CrO;—SiO, 
was treated by alcohol at the expense of the high heat production during the oxidation-reduction percent. More 


detailed information about these catalysts will be published together with characteristics of their catalytic ac- 
tivity in one of our next communications. 


*Together with M. I. Rozengart. 
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When the sorption isotherms are measured, the equilibrium is often reached exceptionally slowly. For 
instance, in Kuadzhe 's experiments [1] in a region near to saturation, the readings of the values of the sorption 
of benzene vapors on natural substrates (clays) were taken after 1-2 days. Kaganer [2] observed a small sorption 
rate at low pressures. According to the author's data, the equilibrium values of nitrogen sorption on coals, silica 
gels and other substrates for pressures below 10-? mm/Hg, were reached after 15-25 hours. The slow sorption of 
water vapor on activated coals in the region of the steep ascent of the sorption isotherm is well known. Many 
other examples of slow sorption of gases and vapors, when the process is not complicated by chemical interac- 
tion or by absorption, can be found in the literature [3-5]. 


On the other hand, the measurement of gas and vapor sorption in the central region of the isotherm in 
many cases does not present any difficulty in connection with time, since the equilibrium is reached quite 
rapidly (in a few minutes). The causes of such wide variations in time when different points of the sorption 
isotherm are measuredwere not clarified sufficiently in the literature, and we considered it appropriate to dis- 
cuss briefly the main causes upon which the time required for reaching the sorption equilibrium depends. By 
*sorption” we mean in the present paper adsorption and capillary condensation. 


If the sorption process is not complicated by chemical interactions, the sorption rate is determined by the 
rate of molecule transfer from the gas phase to the adsorption centers of the substrate. The transfer of matter to 
the porous substrate will take place by different mechanisms, but since all known forms of transfer have the same 
dependence upon the pressure gradient, the rate of the over-all process can be described formally by a diffusion 


equation with some “effective” (or “fictitious” ) diffusion coefficient, which we shall simply call diffusion coef- 
ficient for the sake of conciseness. 


The diffusion equation of the adsorbed gas in an isotropic porous medium can be written in the form 


1+ 


where D is the diffusion coefficient, f* (c) is the derivative of the concentration function determined from the 
equation of the sorption isotherm, a is the value of the sorption ,V” is Laplace's operator, t is the time. 


Vic, 


The integration of equation (1) presents serious mathematical difficulties if the function f (c) is nonlinear, 
But since in practice this is a most common case, then, sacrificing somewhat the accuracy of the calculations, 
one can take f* (c) = I, = const and also D = De = const in a concentration interval more or less wide,* because 


*The condition “in a more or less wide concentration interval” is automatically fulfilled if the sorption isotherm 
is measured with not too smallnumbers of experimental points. 
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in general D changes with the filling [6-8]. 


The final conclusions do not change if we carry out our further discussion on a most simple case, taking 
a piece of substrate having the form of a sphere. The solution of equation (1) for a sphere of radius R under the 
additional conditions 


c(0, t) = cp, 


c(x, 0) =¢y, 


by integration over the volume and substitution of c by a has the form 


a—a, D,t 
—; exp [ — nee (2) 


n=! 


where a is the value of the adsorption at the instant t, apy is the initial value of the adsorption for t = 0, ap is 
the equilibrium value of the adsorption (t 0), n=1, 2,3... The unity in the expression 1 + f* (c) has been 
left out, because usually 1 << f*(c). 


According to equation (2), for a = ay, t = op, i.e., the time required for the establishment of the sorption 
equilibrium is equal to infinity. On the other hand, as is well known, experiments are completed after a finite 
interval of time. This apparent disagreement between theory and experiment arises from the fact that after 
some time after the beginning of an experiment the difference between the true equilibrium value of the sorp- 
tion and the observed one becomes smaller than experimental error and the experiment is terminated, since 
the further growth of the sorption cannot be detected. If the absolute error of measurement is equal to € , then 
the attainment of equilibrium will be recorded when the value of the sorption reaches the value ap = aq - — (the 
variant a, = a9 + € has no meaning because it does not satisfy equation (2). 


Thus, the time needed to reach the sorption equilibrium is determined by the equation 


D,t 
| — nts? | = (3) 


ag—a aad 


where N {is a constant for a given interval of concentration, but can change in other regions of the isotherm, since 
it depends both upon the error of measurement, and upon the difference ay -ayy. 


From equation (3) it follows that 


where k; is a constant uniquely depending upon N. 


Solving equation (4) with respect to tg , we find 


2 
(5) 


Equation (5) is valid for substrate pieces having the form of spheres. If the substrate pieces have another 
shape, one must introduce a correction factor (form factor) kg. The value of R in this case represents the radius 
of a sphere having the same volume. Thus, 


(6) 


Equation (6) gives the dependence of the time required to reach the sorption equilibrium upon the basic 
factors, the experimental accuracy, the sorption power of the material, the dimensions of the pieces, the diffusion 
coefficient and the shape of the pieces. 
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For a given substrate the ratio of the times te and te in the different regions of the sorption isotherm will 
be expressed by the equation 


(7) 


When De Dg the time for the establishment of the sorption equilibrium is approximately proportional 
to the sorption coefficient [,. In connection with this it is interesting to mention Herbst's observation [9], that 
the equilibrium is reached more slowly for the more active coals. However, one should remember that, accord- 
ing to equation (6) t, depends upon a number of other factors. 


Equation (1), as well as all the subsequent consequences of it, is true only when the quantity of adsorbed 
gas is small in comparison with its over-all amount in the volume of the apparatus, i.e., when the limit condi- 
tion c (0,t) = Co is fulfilled. If during the sorption process the pressure in the apparatus changes and c (0, t) 7 const, 
as, for instance, in the volume method for the measurement of the sorption isotherm, the solution of the differ- 
ential equation (1) is different from (2). We shall not report the solutions of the equation and the subsequent 
transformations for this case, since they are completely similar to those given above, and shall confine ourselves 
to the final equation, which has the form 


te = ky Rgk: D, > (8) 


where ky is a coefficient depending upon the ratio of the value of the sorption to the amount of gas in the ap- 
paratus. 


Equation (8) differs from (6) only for the presence of the coefficient kr For an infinite volume of the 
system k, = 1 and equation (8) becomes identical to (6). When the volume of the system decreases, or the 
quantity of the substrate increases, kr becomes smaller and the sorption equilibrium is reached more quickly. 
However, the use of small volumes and of large quantities of substrate involves the risk of deviations of the 
results of the experiment in the region of hysteresis, since, when the pressure is decreased after sorption at a high 
pressure, a desorption process starts in the surface layers of the pieces. Consequently, the measured value of the 
sorption will result from the values of the sorption in the surface layers of the pieces relative to the desorption 
branch, and from the values of the sorption in the central parts of the pieces, relative to the sorption branch. 
This undesirable effect increases when the hysteresis loop, the dimensions of the substrate and the difference be- 
tween the equilibrium and initial concentrations when the gas is introduced into the system become larger. 
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Polymerization in dispersion, as is well known, has a number of important advantages, leading to a sig- 
nificant increase in the speed of the process (by 2-3 orders of magnitude) and to the possibility of increasing the 
mol. wt. of the polymer. In addition, favorable steric conditions for obtaining more homogeneous and ordered 
structures exist in this type of process. 


However, all these advantages, due to the use of impurities (the emulsifiers),are balanced to a large extent 
as a consequence of the disturbance of those optimal topochemical characteristics of the process which must be 
present for the polymer to be formed in emulsions [1]. The use of emulsifiers is also particularly bad because of 
the difficulty of eliminating them when polymers with high insulation properties are required. 


In connection with these remarks it is interesting to study the emulsification paths of the monomers with- 
out the use of special emulsifiers, both in order to investigate the mechanism of dispersion polymerization in 
pure form, and for the technology of polymer production. 


It is well known that, under the action of ultrasonic vibrations, very highly dispersed emulsions can be 
obtained without emulsifiers, since stabilizing factors arise under the influence of cavitation. However, the 
complexity and inefficiency of big apparatuses for obtaining sufficiently powerful sources of acoustic energy 
make an extensive use of them in industry impractical, An analysis of the dispersing action of ultrasonic vibra - 
tions leads to the conclusion that the solution of the problem of building a powerful and at the same time prac- 
tical source of acoustic energy must be sought in the elaboration of a simple method for producing cavitation. 
A most simple and sufficiently effective method appeared to be the use of the energy produced by the disap- 
pearance of cavitations produced when an overheated vapor is condensed in the liquid phase. 


Earlier we elaborated and applied successfully [2, 3] a method using cavitationphenomena for exciting 
acoustic vibrations, and this method appeared to be very effective for obtaining the most varied highly dispersed 
systems. Recently this method was used also by other investigators [4]. 


If an overheated vapor is made to pass through a capillary tube under a small pressure (2-3 atm ) into a 
liquid phase, the consequence of the sudden condensation of the arriving vapor is that the region (at the im- 
mediate end of the capillary tube) occupied for a moment by an element of volume of the vapor phase, de- 
creases sharply to almost vanishing dimensions, and the mechanical shock arising because of this (collapse of 
the cavity) must create in the neighboring layers a strong compression reaching very high values. The vapor 
condensation and the phenomena connected with it in given experimental conditions—a sufficient difference in 
temperature between the liquid phase and the vapor—take place so rapidly that even in the immediate vicinity 
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of the opening , it is already difficult to detect disturbances of the continuity of the vapor phase, The elementary 
act of disturbance of the continuity of the liquid phase by some volume element of the vapor and the subsequent 
disappearance of these disturbances due to the condensation, is nothing else than the process of formation and 
destruction of an individual cavity; the totality of such elementary facts gives a typical cavitation phenomenon. 


The calculation reported below of the frequencies of the shock wave leads to values of the order of tens of 
kilocycles per second, and this corresponds to the region of audible high tones just below ultrasonic vibrations. 


Let us assume that the initial radius of the collapsing cavity (r) does not differ too much from the length 
of the free path of the vapor molecules (of the order 107° cm), and that consequently the condensation time 
of the vapor inside the cavity will be shorter than the time it takes to collapse; then the conditions for a typical 
cavitation phenomenon will be present, i.e., the formation and collapse of cavities free from vapor. Then the 
collapse time of a single cavity (r) is determined from the acceleration of some layer of the liquid freely moving 
towards its center under the action of the unidirectional force F. 


Taking into account the capillary pressure, let us express the motive force acting on the unit of surface of 
the collapsing cavity by the following equation 


F, = Py + 2e/r, 


where Po is the atmospheric pressure. 


The mass of a moving layer having an area of 1 cm’ and a thickness Vv» where v is the propagation velo 
city of the elastic wave m, = pvt, where p is the density of the liquid. 


Then the acceleration a can be found from the equation 


put 


Now, since the radius of the cavity is the distance covered by a layer of the liquid during the time required for 
the cavity to collapse 


t=V 2r/a. 


Substituting the corresponding value of a, we find 


2rpu 


Po 


If we substitute in the latter equation the orders of magnitude of the numerical values of the quantities 
appearing in it, we obtain for r a value of about 10~, which corresponds to frequencies of the order of tens of 


kilocycles per second. This shows that the process under consideration gives rise to high-frequency acoustical 
vibrations. 


The dispersing action of the cavitations produced by the method described is very effective. The forma- 
tion of stable and concentrated emulsions of the oil-water type when a capillary tube is introduced near the 
separation boundary lasts for 5-10 sec for nonmiscible phases. In this way we succeeded in obtaining dispersions 
of different types of oils: vaseline oil, almond oil, castor oil, camphor oil (with an increased content of camphor), 
paraffin, phenol, cresol, liquid fractions of the cracking of naphtha, and also sulphamide preparations scarcely 
soluble in water, iodine and other medicinal substances [2, 3]. 


The method described for producing cavitations appears to be sufficiently effective and very promising 
for the polymerization in dispersion. We tested successfully this method in applications to the polymerization 
processes of styrene, methyl, methacrylate, acrylonitrile, and also of various combinations of these monomers 
with each other. We established that under the influence of cavitations both stages of the emulsion polymeriza- 
tion process (both the emulsification and especially the polymerization) took place more effectively than with 
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the usual procedure. In order to obtain 100 g of emulsion (1 : 5) a few seconds are usually required, and high- 
dispersion emulsoids with a mean diameter of the order of 10~* cm are formed. 


The polymerization process, which is usually carried out at high temperatures, reaches an appreciable rate 
already during the emulsification in the conditions provided by the cavitation method. Under the influence of the 
heat of condensation of the overheated vapor, which increases the temperature of the emulsion to 40-60°, and 
under the immediate action of the cavitations, which provide favorable microkinetics and topochemical condi - 
tions for the process, the formation of the polymer is terminated in most cases already after a few minutes after 
emulsification without any additional heating. For such polymers as acrylonitrile or mixtures of it with styrene 
or methyl methacrylate, the polymerization proceeds rapidly even at room temperature. In this case, i.e., in 
the case of polymerization at low temperatures, polymers are obtained which have a higher thermal stability 
than those obtained by the customary methods. 


Thus, for instance, the copolymer of acrylonitrile with styrene (in a ratio 1 : 1) obtained by a cavitation 
polymerization softens at 140°, and the copolymer of acrylonitrile with methyl methacrylate (in a ratio 70 ; 30) 
softens at 120°, i.e., 30° higher than that obtained by the usual methods. 


The immediate mechanical effect of cavitations on the energetic state of the polymer molecules is parti- 
cu larly interesting. Due to the development of high pressures and temperatures when a cavity collapses the 
molecules of the adjacent layers of monomer may undergo a process of cracking, with formation of free radicals. 
This is supported by our observation that some monomers, like acrylonitrile, polymerize without the influence 
of initiators, and also that some monomers, like cyclopentadiene, polymerize partially only in the presence of 
catalysts according to an ionic mechanism 


An important domain of application of the cavitation method can be found also, in our opinion, in the 
production of graft- and block-copolymers, and also for such processes of construction of complex high-polymer 
systems, where the destruction and reconstruction processes of polymer chains play a decisive role. 
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GITI 

GITTL 

GONTI 
Gosenergoizdat 
Goskhimizdat 
GOST 

GTTI 

IL 


ISN (Izd, Sov. Nauk) 


Tzd. AN SSSR 
Izd, MGU 
LEIZhT 

LET 

LETI 
LETIIZhT 
Mashgiz 

MEP 

MES 

MESEP 

MGU 

MKhTI 

MOPI 

MSP 

NII ZVUKSZAPIOI 
NIKFI 


Stroiizdat 
TOE 
TsKTI 
TsNIEL 
TsSNIEL~MES 
TsVTI 

UF 
VIESKh 
VNIIM 
VNIIZhDT 
VTI 

VZEI 


Note: Abbreviations not on this list and not explained in the translation have been transliterated, no further 
information about their significance being available to us. — Publisher. 
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